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This thesis describes the iridium/chiral phosphoric acid catalyzed 
enantioselective amination of alcohols utilizing the borrowing hydrogen methodology 
and organocatalytic enantioselective oxidation of 1,2-diols.  
Chapter 1 gave a brief historial background of the asymmetric synthesis of chiral 
amines. Selected examples about various kinds of strategies for the synthesis of chiral 
amines are summarized. Particularly, development and challenges of catalytic 
enantioselective amination of alcohols by the use of borrowing hydrogen 
methodology is introduced in detail. 
 Chapter 2 disclosed the first dynamic kinetic asymmetric amination of alcohols 
via borrowing hydrogen is presented. Under the cooperative catalysis by iridium and a 
chiral phosphoric acid, α-branched alcohols that exist as a mixture of four isomers 
undergo racemization by two orthogonal mechanisms and are converted to diastereo- 
and enantiopure amines bearing adjacent stereocenters. The preparation of diastereo- 
and enantiopure 1,2-amino alcohols is also realized using this catalytic system. 
 Chapter 3 described the first microwave-assisted catalytic enantioselective 
amination of alcohols through borrowing hydrogen methodology. This simple 
procedure follows a dynamic kinetic asymmetric amination pathway and provides 
access to a range of biologically active chiral bicyclic amines in good to excellent 
diastereo- and enantioselectivity. 
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 Chapter 4 demontrated that Quinine-derived urea has been identified as a highly 
efficient organocatalyst for the enantioselective oxidation of 1,2-diols using 
bromination reagents as the oxidant. This simple procedure utilizes readily available 
reagents and operates at ambient temperature to yield a wide range of α-hydroxy 
ketones in good yield (up to 94%) and excellent enantioselectivity (up to 95% ee). 
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Chapter 1 Introduction 
 
1.1 General Introduction of chiral amines 
Chiral amines have proven to be an important structural motif presented in 
numerous biologically active natural products, synthetic compounds, drugs and they 
have also been widely found in chiral auxiliaries, ligands and catalysts.
1
 As a result 
of the widespread use of chiral amines in the modern chemicals industry, it is 
particularly important to develop atom-economical and green methods to enable the 
efficient construction of these compounds in high enantiomeric purity in organic 
synthesis. Most of the reactions explored for this purpose are based on chemical 
resolutions
2
 with the limitation of 50% theoretical yield. A better alternative method 
is the asymmetric hydrogenation of ketimines (or reductive amination of ketones; 
Scheme 1.1)
3
 which provides an more efficient access to chiral amines, and this is 
affirmed by the award of the 2001 Nobel Prize in chemistry to William S. Knowles 
and Ryoji Noyori
4
 in the field of asymmetric hydrogenation. In the past few decades, 





 and cooperative catalysis 
                                                 
1 a) Modern Amination Methods (Ed.: A. Ricci), Wiley-VCH, Weinheim, 2000; b) Chiral Amine Synthesis (Ed.: T. 
C. Nugent), Wiley-VCH, Weinheim, 2010. 
2 a) Kagan, H. B.; Fiaud, J. C. Top. Stereochem. 1988, 18, 249–330. b) Keith, J. M.; Larrow, J. F.; Jacobsen, E. N. 
Adv. Synth. Catal. 2001, 343, 5–26. c) Vedejs, E.; Jure, M. Angew. Chem. Int. Ed. 2005, 44, 3974–4001 
3 a) Blaser, H.-U.; Malan, C.; Pugin, B.; Spinder, F.; Steiner, H.; Studer, M. Adv. Synth. Catal. 2003, 345, 103 – 
151; b) Nugent, T. C.; El-Shazly, M. Adv. Synth. Catal. 2010, 352, 753 – 819; c) Wang, D.-S.; Chen, Q.-A.; Lu, 
S.-M.; Zhou, Y.-G. Chem. Rev. 2012, 112, 2557 – 2590. 
4 a) Knowles, W. S. Angew. Chem. Int. Ed. 2002, 41, 1998 –2007; b) Noyori, R. Angew. Chem. Int. Ed. 2002, 41, 
2008 –2022. 
5 a) Palmer, M. J.; Wills, M. Tetrahedron: Asymmetry 1999, 10, 2045 – 2061; b) Gladiali, S.; Alberico, E. Chem. 
Soc. Rev. 2006, 35, 226 – 236; c) Fleury-Brégeot, N.; de La Fuente, V.; Castillón, S.; Claver, C. ChemCatChem 
2010, 2, 1346 – 1371; d) Xie, J.-H.; Zhu, S.-F.; Zhou, Q.-L. Chem. Rev. 2011, 111, 1713 – 1760; 
6 a) You, S.-L. Chem. Asian J. 2007, 2, 820 – 827. b) Rueping, M.; Sugiono, E.; Schoepke, F. R. Synlett 2010, 852 
– 865. 






 with different reductants ranging from formic acid, H2 gas, and 
silanes to Hantzsch esters have been documented. 
 
Scheme 1.1 Asymmetric hydrogenation of ketimines for the synthesis of chiral amines 
Among many synthetic methods for the production of amines, borrowing 
hydrogen methodology has received enormous attention and experienced very rapid 
development in the amination of alcohols.
 8
 This highly atom economical process 
provides a direct green method for the synthesis of amines without an external 
reductant, because the alcohol substrate plays a role of the proton source. In this 
scenario, the detailed mechanism of this method could be divided into three steps: 
dehydrogenation of an alcohol to the corresponding ketone followed by a 
condensation which yields an intermediate imine, and upon which hydrogenation 
yields the desired amines (Scheme 1.2). Based on this catalytic cycle, great 
advancement in the efficient catalytic amination of primary and even secondary 
alcohols has been achieved by some research groups in the past decade. However, no 
asymmetric variant of this process with high enantiomeric excess (ee) has been 
reported, until recently when our group
9
 firstly provided an efficient cooperative 
catalysis of an iridium complex in combination with a chiral phosphoric acid for 
production of chiral amines without an external reductant which is different from 
                                                 
7 a) Shao, Z.; Zhang, H. Chem. Soc. Rev. 2009, 38, 2745 – 2755; b) Zhong, C.; Shi, X. Eur. J. Org. Chem. 2010, 
2999 – 3025; c) Rueping, M.; Koenigs, R. M.; Atodiresei, J. Chem. Eur. J. 2010, 16, 9350 – 9365; 
8 Hamid, M. H. S. A.; Slatford, P. A.; Williams, J. M. J. Adv. Synth. Catal. 2007, 349, 1555–1575. 
9 Zhang, Y.; Lim, C.-S.; Sim, D. S. B.; Pan, H.-J.; Zhao, Y. Angew. Chem. Int. Ed. 2014, 53, 1399−1403. 
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traditional methods, especially asymmetric hydrogenation of ketimines or reductive 
amination of ketones. This cooperative catalytic system showed very efficient 
synthesis of biologically active chiral amines, which further motivated us to design 
more challenging reaction types, particularly dynamic kinetic asymmetric amination 
of alcohols from easily prepared materials as a mixture of four stereoisomers. 
 
Scheme 1.2 The synthesis of amines based on the borrowing hydrogen process 
The following chapters will summarize the asymmetric synthesis of chiral 
amines based on the asymmetric hydrogenation of ketimines, recent advances in 
borrowing hydrogen methodology and development of asymmetric borrowing 
hydrogen catalysis as well as the challenges. 
1.2 Historial background of the asymmetric synthesis of chiral amines           
Considerations of the significance of chiral amines in modern chemical industry, 
several types of reactions for the synthesis of these compounds have become an 
popular area recently. These approaches provide different practical accesses to 
numerous biologically active molecules. Among these approaches, one of the most 
classical and direct methods for the production of chiral amines is the asymmetric 
hydrogenation of imines or reductive amination of ketones. 




The following sections of this chapter will summarize this typical asymmetric 
hydrogenation of imines which is based on several reaction systems: transition-metal 





1.2.1 The asymmetric hydrogenation of imines based on transition-metal 
catalysis 
In the last few decades, applicability of the asymmetric hydrogenation has been 
widely confirmed in modern chemical industry. In the field of asymmetric 
hydrogenation, the enantioselective reduction of C=N bond provides an efficient 
access to biologically active chiral amines. In fact, the discovery of this useful type of 
reaction for the synthesis of chiral amines dates back to several decades ago.  
 
Scheme 1.3 Asymmetric hydrogenation of imines using hydrosilane as reductant 
The pioneering work was reported by Kagan et al. using hydrosilane as reductant 
in 1973.
10
 In spite of low enantioselctivity (50% ee) during the reductive process of 
N-(R-methylbenzylidene)benzylamine (Scheme 1.3), this preliminary result 
significantly motivated chemists to develop highly enantioselective reduction 
processes. Since then, continuous efforts have been made to uncover different 
strategies and improve the catalysts. 
                                                 
10 Langlois, N.; Dang, T.-P.; Kagan, H. B. Tetrahedron Lett. 1973, 4865. 




Scheme 1.4 Asymmetric hydrogenation of imines reported by Pfaltz and coworkers 
In 1990, the transition-metals of the asymmetric hydrogenation of acyclic imines 
extended from rhodium complexes to iridium complexes successfully. A new system 
based on Ir complexes in combination with DIOP as chiral diphosphine ligand was 
first reported by Felix Spindler,
11
 while exhibiting only moderate enantioselectivities. 
Later on, there was no breakthrough for the development of enantioselectivities until a 
more efficient catalyst was developed recently. In 1997, a new iridium complex 
containing chiral phosphine–oxazolines (PHOX) based on Crabtree’s achiral iridium 
catalyst [Ir(cod)(py)(PCy3)]PF6 was reported by Pfaltz group. This chiral complex 





Scheme 1.5 Asymmetric hydrogenation of imines developed by Zhang and coworkers 
                                                 
11 Spindler, F.; Pugin, B.; Blaser, H. U. Angew. Chem. Int. Ed. 1990, 29, 558. 
12
 Schnider, P.; Koch, G.; Prétot, R.; Wang, G.; Bohnen, F. M.; Krüger, C.; Pfaltz, A. Chem. Eur. J. 1997, 3, 887. 




In 2001, Zhang group
13
 disclosed a highly enantioselective hydrogenation of 
N-arylimines catalyzed by [Ir(μ-Cl)cod]2 with a chiral ferrocenyl phosphine ligand. 
The addition of iodine led to (R, R)-f-binaphane with high enantioselectivities 
(Scheme 1.5). However, for the hydrogenation of dialkyl imines, this catalytic system 
presented low efficiency. 
Since then, many catalytic systems including the introduction of various metals 
and the development of new ligands have been established for the asymmetric 
hydrogenation of imines. Due to diverse modification and easy operation in the 
synthesis of ligands, different kinds of new ligands have been designed and employed. 
According to incomplete statistics, thousands of chiral ligands have been synthesized 
and evaluated for the asymmetric hydrogenation of imines in the past decades. Some 
reviews have already summarized these chiral liands and their applications for the 
asymmetric hydrogenation using H2 gas as hydrogen source.
14
 
1.2.2 The imine hydrogenation based on organocatalysis  
The above mentioned catalytic systems involved the use of transition metals in 
conjunction with hydrosilane, H2 gas, formic acid as well as isopropanol and they are 
very efficient for the asymmetric hydrogenation of C=N bonds. However, there still 
remain some problems such as cost, toxicity, and metal leaching problems. Over the 
last decades, organocatalysis have received enormous attention owing to their low 
                                                 
13 Xiao, D.; Zhang, X. Angew. Chem. Int. Ed. 2001, 40, 3425. 
14 a) Tang, W.; Zhang, X. Chemical Reviews, 2003, 103, 3029-3069. b) Phosphorus Ligands in Asymmetric 
Catalysis (Ed.: Börner, A.) Wiley VCH, ISBN 978-3-527-31746-2, Weinheim, Germany, 2008. c) Privileged 
Chiral Ligands and Catalysts (Ed.: Zhou, Q.-L.) Wiley-VCH, ISBN 978-3-527-32704-1, Weinheim, Germany, 
2011.  
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cost, low toxicity, ready availability and lack of sensitivity to moisture and oxygen. 
Without any exception, the asymmetric hydrogenation of amines catalyzed by 
organocatalysis has become the focus of researchers and scientists all over the world. 




Enantioselective hydrogenation using Hantzsch Ester was firstly reported by 
Singh and Batra in1989 (Scheme 1.6).
16
 In the presence of chiral amino acid, 
prochiral imines led to the corresponding amines in moderate yield (55% yield) and 
enantioselectivities (63% ee). 
 
Scheme 1.6 Enantioselective hydrogenation reported by Singh and Batra 
Based on this pioneering work, many different strategies including new reaction 











 In 2005, Rueping group
22
 
                                                 
15 a) Alberts, B.; Bray, D.; Lewis, J.; Raff, M.; Roberts, K.; Watson, J. D.; Molecular Biology of the Cell, 3rd ed., 
Garland, New York, 2002; b) J. M. Berg, J. L. Tymoczko, L. Stryer, Biochemistry, 5th ed., W.H. Freeman & 
Company, New York, 2002. 
16
 Singh, S.; Batra, U. K. Ind. J. Chem., Sect. B. 1989, 28, 1. 
17 a) Rueping, M.; Antonchick, A. P.; Theissmann, T. Angew. Chem. Int. Ed. 2006, 45, 3683–3686; b) Rueping, 
M.; Antonchick, A. P.; Theissmann, T. Angew. Chem. Int. Ed. 2006, 45, 6751– 6755. 
18 a) Yang, J. W.; Hechavarria Fonseca, M. T.; List, B. Angew. Chem. Int. Ed. 2004, 43, 6660–6662; b) Yang, J. 
W.; Hechavarria Fonseca, M. T.; Vignola, N.; List, B. Angew. Chem. Int. Ed. 2005, 44, 108–110; c) Yang, J. W.; 
Hechavarria Fonseca, M. T.; List, B. J. Am. Chem. Soc. 2005, 127, 15036 – 15037; d) Mayer, S.; List, B. Angew. 
Chem. Int. Ed. 2006, 45, 4193–4195; f) Hoffmann, S.; Nicoletti, M.; List, B. J. Am. Chem. Soc. 2006, 128, 13074– 
13075; g) Martin, N. J. A.; List, B. J. Am. Chem. Soc. 2006, 128, 13368–13369. 
19 a) Ouellet, S. G.; Tuttle, J. B.; MacMillan, D. W. C. J. Am. Chem. Soc. 2005, 127, 32–33; b) Huang, Y.; Walji, 
A. M.; Larsen, C. H.; MacMillan, D. W. C. J. Am. Chem. Soc. 2005, 127, 15051–15053; c) Storer, R. I.; Carrera, D. 
E.; Ni, Y.; MacMillan, D. W. C. J. Am. Chem. Soc. 2006, 128, 84–86; d) Tuttle, J. B.; Ouellet, S. G.; MacMillan, 
D. W. C. J. Am. Chem. Soc. 2006, 128, 12662–12663. 
20 Zhao, G.-L.; Córdova, A. Tetrahedron Lett. 2006, 47, 7417–7421. 
21 Li, G.; Liang, Y.; Antilla, J. C. J. Am. Chem. Soc. 2007, 129, 5830-5831. 
22
 Rueping, M.; Sugiono, E.; Azap, C.; Theissmann, T.; Bolte, M. Org. Lett. 2005, 7, 3781–3783. 




demonstrated that chiral phosphoric acid was very effecient for organocatalytic 
transfer hydrogenation of ketimines with Hantzsch ester, which produced the desired 
chiral amines with good yields and enantioselectivities (Scheme 1.7).  
 
Scheme 1.7 Enantioselective hydrogenation reported by Rueping and coworkers 
Subsequently, a more sterically-hindered phosphoric acid for the same 
transformation was reported by List and co-workers.
23
 Use of this acid gave the 
desired amines in good to excellent yields and enantioselectivities. Furthermore, the 
aliphatic ketimine (isopropyl methyl ketimine) was also well tolerated and led to the 
corrosponding amine in 80% yield with 90% ee under this catalytic system (Scheme 
1.8).  
 
Scheme 1.8 Enantioselective hydrogenation reported by List and coworkers 
Later on, a new phosphoric acid which was effective for reductive amination 
with Hantzsch ester as the reductant was developed by MacMillan and co-workers.
24
 
In the presence of this new catalyst, the enantioselective reductive amination reactions 
proceeded smoothly with good tolerance of broad substrates and the desired chiral 
                                                 
23 Hofmann, S.; Seayad, A. M.; List, B. Angew. Chem. Int. Ed. 2005, 44, 7424–7427. 
24 Storer, R. I.; Carrera, D. E.; Ni, Y.; MacMillan, D. W. C. J. Am. Chem. Soc. 2006, 128, 84–86. 
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amines were obtained in excellent yields and enantioselectivities. It is noteworthy that 
5 Å molecular sieves played a critical role for reaction rates and selectivities (Scheme 
1.9). 
 
Scheme 1.9 Asymmetric reductive amination reported by MacMillan and co-workers 
1.2.3 The imine hydrogenation based on the cooperative catalysis involving 
transition-metal catalysis and organocatalysis 
Transition metal catalysis has been recognized as one of the most powerful tools 
in organic synthesis.
25
 On the other hand, organocatalysis has received more and 
more attention because of its low cost and ready availability in current organic 
chemistry.
26
 In addition, it promotes some green and unique organic transformations 
compared to transition metal catalysis. Transition metal catalysis and organocatalysis 
individually have achieved great accomplishments in their own area in modern 
chemistry. However, some unprecedented transformations currently cannot be realized 
by the use of transition metal or the organocatalyst alone. The combination of 
transition metal catalysis and organocatalysis, which has attracted considerable 
attention recently, provides a promising strategy for achieving some difficult 
                                                 
25  Beller, M.; Bolm, C. Transition Metals for Organic Synthesis: Building Blocks and Fine Chemicals, 
Wiley-VCH, Weinheim, 2nd edn, 2004, vol. 1 and 2. 
26 a) Dalko, P. I. Enantioselective Organocatalysis: Reactions and Experimental Procedures, Wiley-VCH, 
Weinheim, 2007; b) List, B.; Yang, J. W. Science, 2006, 313, 1584–1586. c) MacMillan, D. W. C. Nature, 2008, 
455, 304–308. 






 Among them, the cooperative catalysis involving transition-metal 
catalysis and organocatalysis has been successfully implemented in the asymmetric 
hydrogenation of imines.  
In 2009, Xiao and co-workers
28
developed the first asymmetric reductive 
amination of ketones catalyzed by transition metal in combination of Brønsted acid 
(Scheme 1.10). With this cooperative catalysis, the reductive amination shows a broad 
substrate scope, especially some challenging substrates like dialkyl and aryl ethyl 
ketones. The Brønsted acid was shown to play a pivotal role in the reaction by 
assisting in the condensation process and forming a chiral counteranion with the 
iridium catalyst and the iminium ion.  
 
Scheme 1.10 Asymmetric reductive amination reported by Xiao and coworkers 
1.2.4 Summary 
In summary, these practical methods based on several catalytic systems provide 
various efficient accesses to chiral amines and have been widely applied in modern 
chemical industry. However, there are several important drawbacks in performing the 
asymmetric hydrogenation of imines. Generally, imines exist as E/Z isomeric mixture 
                                                 
27 a) Park, Y. J.; Park, J.-W.; Jun, C.-H. Acc. Chem. Res. 2008, 41, 222–234; b) Shao, Z.; Zhang, H. Chem. Soc. 
Rev. 2009, 38, 2745–2755. 
28 a) Li, C.; Wang, C.; Villa-Marcos, B.; Xiao, J. J. Am. Chem. Soc. 2008, 130, 14450−14451; b) Li, C.; 
Villa-Marcos, B.; Xiao, J. J. Am. Chem. Soc. 2009, 131, 6967−6969. c) Villa-Marcos, B.; Li, C.; Mulholland, K. 
R.; Hogan, P. J.; Xiao, J. Molecules 2010, 15, 2453−2472. d) Tang, W.; Johnston, S.; Iggo, J. A.; Berry, N. G.; 
Phelan, M.; Lian, L.; Bacsa, J.; Xiao, J. Angew. Chem. Int. Ed. 2013, 52, 1668−1672. 
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or under rapid equilibrium states, which can cause poisoning effect on the catalyst 
through interchangeable coordination to the transition metal between the nitrogen 
donor atom and the double bond. Therefore, more efficient green methods are 
required for the synthesis of chiral amines.  
1.3 Recent Advances in Borrowing Hydrogen Methodology for the 
synthesis of amines 
Over the past decades, the asymmetric hydrogenation of ketimines by addition of 
different types of reductants has been most widely applied in industry. However, the 
above-mentioned methods are still incompatible with the principle of atom-economy 
in chemical transformations. For example, during the progress of organocatalytic 
hydrogenation of imines, stoichiometric amounts of Hantzsch esters offer only two 
protons per molecule to the imines and many undesired wastes (pyridine by-product) 
will be formed. Thus, green chemistry-featured environmental approaches for modern 
synthetic chemistry are always expected. Borrowing hydrogen methodology
29
 has 
become an attractive method for synthesis of amines, in which the alcohol substrates 
severs as proton source without addition of external reductant and water is produced 
as the only by-product. To date, a large number of potentially useful examples 
catalyzed by various homogeneous organometallic and heterogeneous catalysts have 
been documented. Here, we will just summarize the homogeneous transition 
                                                 
29 a) Hamid, M. H. S. A.; Slatford, P. A.; Williams, J. M. J. Adv. Synth. Catal. 2007, 349, 1555–1575; b) Dixon, T. 
D.; Whittlesey, M. K.; Williams, J. M. J. Dalton Trans. 2009, 753–762; c) Dobereiner, G. E.; Crabtree, R. H. 
Chem. Rev. 2010, 110, 681–703; d) Guillena, G.; Ramón, D. J.; Yus, M. Chem. Rev. 2010, 110, 1611–1641; e) 
Watson, A. J. A.; Williams, J. M. J. Science 2010, 329, 635–636; f) Bähn, S.; Imm, S.; Neubert, L.; Zhang, M.; 
Neumann, H.; Beller, M. ChemCatChem 2011, 3, 1853–1864; g) Pan, S.; Shibata, T. ACS Catal. 2013, 3, 704–712. 
h) Yang, Q.; Wang, Q.; Yu, Z. K. Chem. Soc. Rev. 2015, 44, 2305-2329; i) Huang, F.; Liu, Z. Q.; Yu, Z. K. Angew. 
Chem. Int. Ed. 2015, 55, 862–875. 




metal-catalyzed amination of alcohols by the use of borrowing hydrogen 
methodology.  
1.3.1 Ruthenium catalysts. 
Pioneering work involved homogeneous borrowing hydrogen was reported by 
Grigg, and Watanabe in 1981
30
 on the alcohol substitution by N-nucleophiles under 
homogeneous transition metal catalysis. From then on, different approaches based on 
amination of alcohols called borrowing hydrogen (BH) or hydrogen autotransfer (HA) 
have been developed by many research groups in the world. In 1984, Watanabe and 
co-workers
31
 presented RuCl2(PPh3)3 which catalyzed the alkylation of aniline and 
Ru(cod)(cot) which catalyzed N-benzylation of aminoarenes with various alcohols, 
which in turn produced the corresponding secondary amines in good yields. Since 
then, the complex RuCl2(PPh3)3 has been probably the most widely used in the 
homogeneous borrowing hydrogen process (Scheme 1.11). 
 
Scheme 1.11 N-benzylation of aminoarenes with various alcohols 
Different from the above-mentioned catalysts, another complex CpRuCl(PPh3)2 
has been successfully used for the dimethylation of amines by Del Zotto’s group in 
                                                 
30 a) Grigg, R.; Mitchell, T. R. B.; Sutthivaiyakit, S.; Tongpenyai, N. J. Chem. Soc., Chem. Commun. 1981, 
611–612; b) Watanabe, Y.; Tsuji, Y.; Ohsugi, Y. Tetrahedron Lett. 1981, 22, 2667. 
31 Watanabe, Y.; Tsuji, Y.; Ige, H.; Ohsugi, Y.; Ohta, T. J. Org. Chem. 1984, 49, 3359. 





 even though poor nucleophilic amines such as aniline was not reactive with 
methanol (Scheme 1.12).  
 
Scheme 1.12 Ruthenium catalyzed the N-methylation of alkylamines by methanol 
To date, a large number of potentially useful examples catalyzed by 
RuCl2(PPh3)3 and other similar complexes have been documented.
33
 However, most 
of these approaches were carried out under very high temperature (180 
o
C) and 
limited to structurally simple primary alcohols. Until the introduction of bidentate 
ligands, the above-mentioned problems for the amination of alcohols were resolved. 
In 2007, Williams and coworkers have developed one efficient method for the 
alkylation of primary alcohols with primary and secondary amines using dppf as 
ligand.
34
 Shortly after, DPEphos was proven to be also an efficient ligand for the 
amination of alcohols.
35
 A wide variety of amines including anilines and primary 
amines as well as N-alkylation of amines are alkylated successfully to form the 
                                                 
32 Del Zotto, A.; Baratta, W.; Sandri, M.; Verardo, G.; Rigo, P. Eur. J. Inorg. Chem. 2004, 524–529. 
33 a)Arcelli, A.; Khai, B.-T.; Porzi, G. J. Organomet. Chem. 1982, 235, 93–96; b) Ganguly, S.; Joslin, F. L.; 
Roundhill, D. M. Inorg. Chem. 1989, 28, 4562–4569; c) Ganguly, S.; Roundhill, D. M. Polyhedron 1990, 9, 2517–; 
d) Tsuji, Y.; Huh, K.-T.; Yokoyama, Y.; Watanabe, Y. J. Chem. Soc., Chem. Commun. 1986, 1574–1575. e) Tsuji, 
Y.; Kotachi, S.; Huh, K.-T.; Yokoyama, Y.; Watanabe, Y. J. Org. Chem. 1990, 55, 580–584. f) Kondo, T.; Yang, 
S.; Huh, K.-T.; Kobayashi, M.; Kotachi, S.; Watanabe, Y. Chem. Lett. 1991, 1275–1278. g) Cho, C. S.; Oh, S. G. 
Tetrahedron Lett. 2006, 47, 5633–5636.  h) Blacker, A. J.; Farah, M. M.; Hall, M. I.; Marsden, S. P.; Saidi, O.; 
Williams, J. M. J. Org. Lett. 2009, 11, 2039–2042. 
34 a) Hamid, M. H. S. A.; Williams, J. M. J. Chem. Commun. 2007, 725–727; b) Hamid, M. H. S. A.; Williams, J. 
M. J. Tetrahedron Lett. 2007, 48, 8263 –8265. 
35 Hamid, M. H. S. A.; Allen, C. L.; Lamb, G. W.; Maxwell, A. C.; Maytum, H. C.; Watson, A. J. A.; Williams, J. 
M. J. J. Am. Chem. Soc. 2009, 131, 1766–1774. 




corresponding products with primary alcohols, secondary alcohols or diols (Scheme 
1.13).  
Recently, they introduced microwave heating into N-alkylations of amines with 
alcohols instead of conventional thermal heating. An array of amines could be 




Scheme 1.13 N-Alkylations of amines using [Ru(p-cymene)Cl2]2 
In 2007, Beller and coworkers presented a simple and efficient catalyst system 
for N-alkylation of primary amines with primary and secondary alcohols.
37
 With 
combination of [Ru3(CO)12] and N-phenyl-2-(dicyclohexylphosphanyl)pyrrole, this 
alkylation reaction produced desired amines in good to excellent yield. Furthermore, 
this method was extended to amination of secondary alcohols, giving various tertiary 
amines in good yield (Scheme 1.14).  
 
Scheme 1.14 Ruthenium catalyzed N-alkylation of aldohols developed by Beller group 
                                                 
36 Watson, A. J. A.; Maxwell, A. C.; Williams, J. M. J. J. Org. Chem. 2011, 76,2328 –2331. 
37 Hollmann, D.; Tillack, A.; Michalik, D.; Jackstell, R.; Beller, M. Chem. Asian J. 2007, 2, 403 –410. 




Scheme 1.15 N-alkylation of indoles with alcohols reported by Beller and Williams 
In 2010, the groups of Beller and Williams disclosed the first homogeneous 
N-alkylation of indoles with alcohols.
38
 In the presence of 0.2-0.5 mol% Shov 
catalyst, this transformation proceeded smoothly in toluene to afford the desired 
N-alkylated product with excellent yield. Notely, the addition of a little amount of 
PTSA increased the reactivity of N-alkylation (Scheme 1.15). 
 
Scheme 1.16 Ru(II) complex-catlyzed N- and C(3)-dialkylation of unactivated amines 
At the same year, Bruneau et al. designed and developed a new type of 
(arene)Ru(II) complex featuring phosphinosulfonate ligand, which is shown to be 
effective for N- and C(3)-dialkylation of unactivated amines according to proposed 
mechanism as shown in Scheme 1.16.
39
 Notely, the addition of CSA promoted the 
formation of an enamine species that can be reacted with an aldehyde to occur 
                                                 
38 Bähn, S.; Imm, S.; Mevius, K.; Neubert, L.; Tillack, A.; Williams, J. M. J.; Beller, M. Chem. Eur. J. 2010, 16, 
3590– 3593. 
39 Sundararaju, B.; Tang, Z.; Achard, M.; Sharma, G. V. M.; Toupet, L.; Bruneau, C. Adv. Synth. Catal. 2010, 352, 
3141 –3146. 




alkylation in C-3-position. Under the optimized conditions, dialkylation of cyclic 
amines could be achieved to give N- and C(3)-dialkylated products in good yields 
(Scheme 1.16). 
 
Scheme 1.17 Synthesis of α-amino acid amides 
Beller and co-workers discovered the first Ruthenium-catalyzed aminations of 
α-hydroxy amides.40 When 6 mol% 1,2-bis(dicyclohexylphosphino)ethane (DCPE) 
was employed, the reaction exclusively proceeded to afford α-amino acid amides with 
biological activity in good to excellent yields (Scheme 1.17). This protocol also show 
applicability and simple operability with commercially available [Ru3(CO)12]/DCPE 
catalyst system without introduction of special equipment. 
 
Scheme 1.18 Ruthenium complex catalyzed N-monoalkylation of aromatic amies 
A readily available pincer ruthenium(II) complex 1-38 for selective 
monoalkylation of (hetero)aromatic amines was introduced by Martín-Matute et al. 
                                                 
40 Zhang, M.; Imm, S.; Bähn, S.; Neumann, H.; Beller, M. Angew. Chem., Int. Ed. 2011, 50, 11197–11201. 





 This ruthenium complex show high efficiency in the 
monoalkylation reaction. With low catalyst loadings (1 mol %) of catalyst, a wide 
range of primary alcohols including pyridine-, furan-, and thiophene-substituted 
alcohols could be tolerated very well, giving the secondary amine products in 
excellent yields without forming tertiary amine formation via polyalkylation.  
Soon after this work, the groups of Valerga and Puerta
42
 developed a novel 
air-stable complex 1-39, which is easily prepared from ruthenium(II) p-cymene 
complex and picolyl-functionalized N-heterocyclic carbene, catalyzed the hydrogen 
autotransfer N-alkylation of amines with high efficiency. As shown in Scheme 1.19, a 
mechanism was proposed. During in this catalytic cycle, a ruthenium hydride species 
1-42 was the initial intermediate to induce the achievement of alkylation.  
 
Scheme 1.19 Proposed mechanism of Ru(II)-NHC catalyzed amination of alcohols 
                                                 
41 Agrawal, S.; Lenormand, M.; Martín-Matute, B. Org. Lett. 2012, 14, 1456–1459. 
42 Fernández, F. E.; Puerta, M. C.; Valerga, P. Organometallics 2012, 31, 6868–6879. 




Very recently, Beller et al.
43
 demonstrated the ruthenium-catalyzed 
three-component reaction for the conversion of ketone, amine, and vicinal diol to 
pyrrole. This general and straightforward method allowed for the highly regioselective 
synthesis of various substituted pyrroles with excellent efficiency (Scheme 1.20). In 
the presence of commercially available Ru3(CO)12 and Xantphos, a variety of 
abundant aryl and alkyl ketones as well as α-functionalized and activated benzylic 
ones were reacted with different kinds of amines (anilines, alkyl amines, and 
ammonia) and vicinal diols to produce the corresponding heterocyclic products in 
good to excellent isolated yields. At the same year, they also disclosed that 
[Ru(p-cymene)Cl2]2 was also alternative precatalyst for the general and highly 
regioselective synthesis of pyrroles.
44
 
Scheme 1.20 The synthesis of heterocyclic componds catalyzed by ruthenium 
In 2008, Milstein et al. reported an atom-economical method for the selective 
synthesis of primary amines using alcohols and ammonia (Scheme 1.21).
45
 In this 
work, they designed one novel acridine-based pincer complex, which was easily 
prepared by treatment of [RuHCl(PPh3)3(CO)] with electron-rich tridentate PNP 
ligand in toluene at 65 
o
C for 2 h. 
                                                 
43 Zhang, M.; Neumann, H.; Beller, M. Angew. Chem., Int. Ed. 2013, 52, 597–601. 
44 Zhang, M.; Fang, X. J.; Neumann, H.; Beller, M. J. Am. Chem. Soc. 2013, 135, 11384–11388. 
45 Gunanathan, C.; Milstein, D. Angew. Chem., Int. Ed. 2008, 47, 8661–8664. 




Scheme 1.21 Milstein’s selective synthesis of primary amines using ammonia 
Recently, Beller and coworkers disclosed the first report on homogeneous 
selective catalytic diamination of isosorbide with ammonia (Scheme 1.22).
46
 
Utilizing commercial available RuHCl(CO)(PPh3)3/Xantphos, diamination of various 
primary and secondary diols with ammonia proceeded smoothly to afford the 
corresponding diamines in excellent yields and high selectivity. 
 
Scheme 1.22 Beller’s selective catalytic diamination of isosorbide with ammonia 
1.3.2 Iridium catalysts. 
Similar to ruthenium complexes, iridium complex catalysts have also been used 
as a promoter for the amination of alcohols by the use of borrowing hydrogen 
methedology.
47
 In the past decades, they have been paid much attention due to the 
high activity and selectivity in the substitution of alcohols by N-nucleophiles. A 
pioneering work about N-alkylation of amines using [IrCp*Cl2]2/K2CO3 catalytic 
system was reported by Fujita et al. in 2002.
48
 This protocol has proven to be 
                                                 
46 Imm, S.; Bähn, S.; Zhang, M.; Neubert, L.; Neumann, H.; Klasovsky, F.; Pfeffer, J.; Haas, T.; Beller, M. Angew. 
Chem. Int. Ed. 2011, 50, 7599–7603. 
47 Saidi, O.; Williams, J. M. J. Iridium Catalysis, Topics in Organometallics Chemistry, 2011, vol. 34, pp. 77–106. 
Corberán, R.; Mas-Marzá, E.; Peris, E. Eur. J. Inorg. Chem. 2009, 1700–1716. 
48 Fujita, K.-i.; Yamamoto, K.; Yamaguchi, R. Org. Lett. 2002, 4, 2691 –2694. 




effective for the synthesis of indoles and 1,2,3,4-tetrahydroquinolines. Since then, a 
series of novel catalytic system based on iridium was established (Scheme 1.23). In 
2008, with the further modified reaction conditions, Fujita and coworkers
49
 disclosed 
an intermolecular N-alkylation of primary and secondary amines with a range of 
alcohols, producing the desired N-alkylated amines in general good to excellent 
yields. 
 
Scheme 1.23 Iridium-catalyzed oxidative cyclization of amino alcohols 







can be alkylated with different kinds of alcohols by use of iridium catalysts (Scheme 
1.24). 
 
Scheme 1.24 Iridium-catalyzed amination of alcohols 
                                                 
49 Fujita, K.-i.; Enoki, Y.; Yamaguchi, R. Tetrahedron 2008, 64, 1943 –1954. 
50 Fujita, K.-i.; Komatsubara, A.; Yamaguchi, R. Tetrahedron 2009, 65, 3624–3628. 
51 Zhu, M. W.; Fujita, K.-i.; Yamaguchi, R. Org. Lett. 2010, 12, 1336–1339. 
52 Li, F.; Sun, C. L.; Shan, H. X.; Zou, X. Y.; Xie, J. J. ChemCatChem. 2013, 5, 1543–1552. 
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Besides the use of iridium complex generated in situ, well-defined iridium-NHC 
complex catalysts
53
 could also be effective for the borrowing hygrogen process. By 
means of iridium-NHC complex 1-57 (Figure 1.1),
54
 the amination of 
1,3-propanediol with aniline proceeded smoothly to give valuable secondary amines 
through direct conversion of crude glycerol in a biphasic system. A water-soluble 
Iridium complex 1-58
55
 (Figure 1.1) was applied for the amination of alcohols with 
the 28% aqueous solution of ammonia, forming higher-order amines in good yields. 
Moreover, the catalyst could be recycled by a facile procedure maintaining high 
activity. 
 
Figure 1.1 New types of well-defined iridium-NHC complexes 
In 2012, a series of bifunctional iridium(III) complexes featuring bidentate 
functionalized N-heterocyclic carbenes [IrCp*(NHC–OH)(MeCN)](BF4)2 1-59 were 
shown to be effective in amination of alcohols, giving the the corresponding 
N-alkylated higher-order amine products in high yields (Scheme 1-25).
56
 
                                                 
53 Prades, A.; Corberán, R.; Poyatos, M.; Peris, E. Chem. – Eur. J. 2008, 14, 11474–11479. 
54 Liu, S. F.; Rebros, M.; Stephens, G.; Marr, A. C. Chem. Commun. 2009, 2308–2310. 
55 Kawahara, R.; Fujita, K.-i.; Yamaguchi, R. J. Am. Chem. Soc. 2010, 132, 15108–15111. 
56 Bartoszewicz, A.; Marcos, R.; Sahoo, S.; Inge, A. K.; Zou, X.; Martín-Matute, B. Chem. – Eur. J. 2012, 18, 
14510–14519. 





Scheme 1.25 Bifunctional iridium(III) complexes 
Recently, Andersson et al. reported a bidentate iridium NHC-phosphine complex 
1-64,
57
 which has been used in the formation of 1,2,3,4-tetrahydroquinoline 1-61 by 
intramolecular N-alkylation of amines reaction (Scheme 1.26). This novel iridium 
complex was prepared by the coordination reaction of [Ir(COD)Cl]2 and 




Scheme 1.26 Ir-NHC complex catalyzed intramolecular amination of alcohols 
In comparison with Ir-NHC complex, P,N-ligand-stabilised iridium complexes 
are alternative efficient catalysts for selective alkylations of amines involving the 
borrowing-hydrogen catalysis protocols, affording the products in very good to 
excellent yields (Scheme 1.27).
58
  
                                                 
57 Li, J.-Q.; Andersson, P. G. Chem. Commun. 2013, 49,6131–6133. 
58 a) Blank, B.; Michlik, S.; Kempe, R. Chem. – Eur. J. 2009, 15, 3790–3799; b) Michlik, S.; Kempe, R. Chem. – 
Eur. J. 2010, 16, 13193–13198; c) Michlik, S.; Hille, T.; Kempe, R. Adv. Synth. Catal. 2012, 354, 847–862. 




Scheme 1.27 P,N-ligand-stabilised iridium complex catalyzed amination of alcohols 
A ruthenium(II)–arene catalyst featuring a phosphinesulfonate chelate was 
developed for an efficient atom-economical three-component tandem reaction 
(Scheme 1.28).
59
 During the multiple hydrogen-transfer processes, dehydrogenative 
oxidation of alcohols produced aldehydes or ketones, which reacted with anilines to 
form cyclic amines, followed by endo dehydrogenation to give enamine that were 
regards as the crucial intermediates. 
 
Scheme 1.28 Iridium complex featuring a phosphinesulfonate chelate catalyzed amination of 
alcohols 
                                                 
59 Yuan, K. D.; Jiang, F.; Sahli, Z.; Achard, M.; Roisnel, T.; Bruneau, C. Angew. Chem. Int. Ed. 2012, 51, 
8876–8880. 




1.3.3 Palladium catalysts. 
With 1,10-phenanthroline or dppe ligand, palladium catalysts also promoted the 
amination of allylic alcohols with aryl amines, akyl amines as well as 
1-tert-butylimidazoli-din-2-one and derivatives follow a borrowing hydrogen ptogress, 





Scheme 1.29 Pd(OAc)2-catalyzed amination of allylic alcohols 
The combination of commercial available PdCl2 and dppe or Xantphos(t-Bu) 
ligand has turned out to be an efficient catalytic system for the amination of alcohols 
at 90−130 °C under neat conditions.61 As shown in Scheme 1.30, a possible catalytic 
cycle based on the BH process is proposed. Using in situ-formed lithium alkoxide 
1-82, combined with palladium precursor, allowed the generation of active palladium 
alkoxide species 1-83, which can be converted to palladium hydride intermediate 1-85 
and the carbonyl compound through β-hydride elimination. The Pd−H species 
inserted to C=N bond of imine to form the intermediate 1-86, which furnished the 
                                                 
60 a) Banerjee, D.; Jagadeesh, R. V.; Junge, K.; Junge, H.; Beller, M. ChemSusChem. 2012, 5, 2039–2044. b) 
Banerjee, D.; Jagadeesh, R. V.; Junge, K.; Junge, H.; Beller, M. Angew. Chem. Int. Ed. 2012, 51, 11556–11560. 
61 Dang, T. T.; Ramalingam, B.; Shan, S. P.; Seayad, A. M. ACS Catal. 2013, 3, 2536–2540. 
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succed to form the amine product and regenerated the active palladium alkoxide 
species 1-83. 
 
Scheme 1.30 PdCl2-catalyzed amination of alcohols 
1.3.4 Catalysts based on cheap and readily available metals. 
Compared to toxic heavy metals, especially cheap and readily available metals 
such as iron, copper, cobalt and manganese have already gained much more attention 
for organic synthesis. In the field of hydrogen borrowing or hydrogen autotransfer, 
more and more amination of alcohol reactions have been achieved by the use of 
catalytic system based on those cheap and readily available metals in spite of limited 
substrates scope.  
Unmodified commercial magnetite (Fe3O4), which acts as a recyclable catalyst, 
has been successfully introduced into the selective monoalkylation of aromatic 






 Such an active, stable catalyst enabled highly selective alkylation of amines 
using alcohols through a hydrogen borrowing process. In 2011, Saito et al. 
demonstrated that an iron(III) catalyst (FeBr3) in combination with amino acid 
catalyzed highly selective and practical N-alkylation of amines.
63
 Under the optimal 
conditions, this reaction can yields the crrosponding higher amines with high 
efficiency and shows a broad substrate scope with the tolerance of some functional 
groups. Very recently, an iron complex catalyzed direct C-N bond formation reaction 
was reported by Feringa and coworkers (Scheme 1.31).
64
 And a borrowing hydrogen 
process was proposed. During this catalytic cycle, in the presence of iron(0) complex 
(Knölker’s complex) and 10 mol% Me3NO oxidant, bifunctional iron species 1-88 
was in situ generated to oxidize the alcohol to carbonyl intermediate 1-90 and 
converted to its reduced, hydride form 1-89, which can act as reductant to reduce the 
imine intermediate 1-91 to desired amine. This a practical approach led to a broad 
array of secondary amines and nitrogen heterocyclesthe with high efficiency. Soon 
after this work, Wills et al. reported that the iron-tetraphenylcyclopentadienone 




                                                 
62 Martínez, R.; Ramón, D. J.; Yus, M. Org. Biomol. Chem. 2009, 7, 2176–2181. 
63 Zhao, Y. S.; Foo, S. W.; Saito, S. Angew. Chem. Int. Ed. 2011, 50, 3006–3009. 
64 Yan, T.; Feringa, B. L.; Barta, K. Nat. Commun. 2014, 5, 5602–5609. 
65 Rawlings, A. J.; Diorazio, L. J.; Wills, M. Org. Lett. 2015, 17, 1086–1089. 




Scheme 1.31 Iron-catalyzed N-alkylation of amines 
Contemporaneously, our group
66
 developed the Lewis acid-assisted highly 
efficient amination of primary as well as secondary alcohols. In this chemistry, Lewis 
acid silver fluoride was used as a highly effective additive for overcoming the low 
reactivity in the Knölker’s complex 1-93 67  catalyzed amination of secondary 
alcohols. 
 
Figure 1.2 Iron complexes 
Without doubt, cobalt complex have also been recognized as a promsing catalyst 
for the amination of alcohols (Scheme 1.32). Last year, Kempe and collaborators has 
just demonstrated an alkylation of aromatic amines by alcohols with cobalt complexes 
                                                 
66 Pan, H. J.; Wei Ng, T.; Zhao, Y. Chem. Commun. 2015, 51, 11907–11910. 
67 Knölker, H.-J.; Goesmann, H.; Klauss, R. Angew. Chem. Int. Ed. 1999, 38, 702–705. 




1-94 which were easily aprepared by the reaction of CoCl2 and PN5P ligands.
68
 Such 
type of complex has effective for the borrowing hydrogen reaction, allowing 
accessing the alkylated amines under mild conditions with a relatively low catalyst 
loading (2 mol %).  
In 2016, a well-defined cobalt(II) complex 1-95 based on a pincer PNP ligand 
was reported by Zhang et al., which promoted the selective formation of 
monoalkylation of amines by adding 4 Å molecular sieves (MS).
69
 A range of 
primary alcohols and aromatic amines as well as aliphatic amines were efficiently 
converted into desired monoalkylated amines in good-to-excellent yields (up to 98% 
yield) with high selectivities (up to 99% selectivities) by use of 2 mol % cobalt 
catalyst. Soon after, another well-defined Co(II) complexes 1-96 based on a 
N,N’-bis-(diisopropylphosphino)-N,N’-dimethyl-1,3-diaminobenzene ligand (PCP 
ligand) were also efficient in the alkylations of amines with alcohols. In an example 
presented by Kirchner,
70
 the desired monoalkylated amines were obtained in good to 
excellent isolated yields. 
                                                 
68 Rösler, S.; Ertl, M.; Irrgang, T.; Kempe, R. Angew. Chem. Int. Ed. 2015, 54, 15046–15050. 
69 Zhang, G.; Yin, Z.; Zheng, S. Org. Lett. 2016, 18, 300−303. 
70 Mastalir, M.; Tomsu, G.; Pittenauer, E.; Allmaier, G.; Kirchner, K. Org. Lett. 2016, 18, 3462−3465. 




Scheme 1.32 Cobalt-catalyzed N-alkylation of amines 
Copper catalysts have also been reported for amination of alcohols through 
borrowing hydrogen process (Scheme 1.33). A simple Cu(OAc)2/K2CO3 system was 
employed to achieve the the substitution of alcohols by sulfonamides. Following this 
efficient protocol, in the presence of base such as potassium carbonate or aluminum 
tert-butoxide, aromatic and heteroaromatic amines as well as carboxamides, 
phosphinamides, and phosphazenes could be successfully alkylated using primary 
alcohols.
71
 Under basic condition (20 mol% NaOH), Cu(I) source-CuCl promoted the 
N-alkylation of 2-aminobenzothiazole with various alcohols with high efficiency, 
giving the desired 2-(N-alkylamino)benzothiazoles in excellent yield.
72
  
                                                 
71 Shi, F.; Tse, M. K.; Cui, X. J.; Gördes, D.; Michalik, D.; Thurow, K.; Deng, Y. Q.; Beller, M. Angew. Chem. Int. 
Ed. 2009, 48, 5912–5915. 
72
  





Scheme 1.33 Copper-catalyzed N-alkylation of amines 
1.4 Development and chanllenges of Catalytic Enantioselective 
Amination of Alcohols by the Use of Borrowing Hydrogen 
Methodology. 
All the time, borrowing hydrogen methodology has been recognized as one 
atom-economical method for the constrution of C-C, C-N bond.
73
 However, the 
introduction of high enantiomeric excess (ee) into this powerful protocol is still a 
challenge. In 2013, the trial of asymmetric borrowing hydrogen was reported by Oe 
and coworkers
74
 albeit with moderate enantiomeric excess (<70%). Until recently, 
Quintard group and our group presented two important breakthroughs in the 
asymmetric borrowing hydrogen processes. In 2013, Quintard and co-workers
75 
reported one cascade process using a cooperative catalysis of an iron complex in 
combination with organocatalyst for the enantioselective functionalization of allylic 
alcohols. In the presence of the iron-based Knölker’s complex 1-87, dehydrogenation 
of the allylic alcohol leads to the corresponding α, β-unsaturated aldehyde followed 
                                                 
73 The Krische group has developed a series of highly enantioselective catalytic C-C coupling involving transfer 
hydrogenation. For selected reviews and examples, see: a) Bower, J. F.; Krische, M. J. Top. Organomet. Chem. 
2011, 34, 107-138. (b) Moran, J.;  Krische, M. J. Pure Appl. Chem. 2012, 84, 1729-1739. (c) Kim, I. S.; Ngai, 
M.-Y.; Krische, M. J. J. Am. Chem. Soc. 2008, 130, 6340-6341. (d) Zbieg, J. R.; Moran, J.; Krische, M. J. J. Am. 
Chem. Soc. 2011, 133, 10582-10586. (e) Zbieg, J. R.; Yamaguchi, E.; McInturff, E. L.; Krische, M. J. Science 
2012, 336, 324-327. (f) Yamaguchi, E.; Mowat, J.; Luong, T.; Krische, M. J. Angew. Chem. Int. Ed. 2013, 52, 
8428-8431. 
74 Putra, A. E.; Oe, Y.; Ohta, T. Eur. J. Org. Chem. 2013, 6146–6151. 
75 Quintard, A; Constantieux, T.; Rodriguez, J. Angew. Chem. Int. Ed. 2013, 52, 12883–12887. 
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by enantioselective Michael addition. In this step, one chiral center was constructed 
by the control of chiral amine catalyst. Then the stable chiral alcohol was obtained 
through the transient iron–hydrogen complex promoted hydrogenation and the active 
iron complex was regenerated. Under this efficient cooperative catalysis, mild 
conditions (10 
o
C-room temperature) were successfully applied in this reaction and 
high enantioselectivities (up to 95:5 e.r.) were also obtained. They have reported a 
conceptually new catalytic system for the asymmetric borrowing hydrogenation. 
Unfortunately, this method suffers from limited substrate scope (simple allyl alcohols 
and strong nucleophiles).  
 
Scheme 1.34 Asymmetric functionalization of allylic alcohols using cooperative catalysis 
In 2014, our group
76
 reported another efficient cooperative catalysis of an iron 
complex in combination with chiral phosphoric acid for the amination of alcohols. 
The crucial point of this system is the introduction of chiral phosphoric acid, which 
can combine with imine to form chiral iminium–phosphate iron pair intermediate, 
followed by stereoselective protonation in combination with chiral iridium complex 
                                                 
76 Zhang, Y.; Lim, C.-S.; Sim, D. S. B.; Pan, H.-J.; Zhao, Y. Angew. Chem. Int. Ed. 2014, 53, 1399−1403. 




through hydrogen bonds. With optimal conditions, intermolecular reaction was also 
tested and only moderate enantioselectivity was obtained.  
 
Scheme 1.35 Catalytic Enantioselective Amination of Alcohols based on the BH process 
Later on, highly efficient Ru-catalyzed diastereoselective amination of alcohols 
using Ellman’s chiral t-butanesulfinamide was also presented by the groups of Dong 
and Guan.
77
 Very recently, Mutti, Turner and co-workers
78
 presented a highly 
efficient amination of primary and secondary alcohols by use of hydrogen-borrowing 
methodology, which was catalyzed by two biocatalysts, namely an ADH and an amine 
dehydrogenase (AmDH).  
Enantioselective amination of alcohols by the use of borrowing hydrogen 
methodology has received more attention recently and was shown to be one of the 
most promising strategies for the synthsis of chral amines due to the atom economy, 
ease operation of the reaction, high selectivity.  
                                                 
77 Oldenhuis, N. J.; Dong, V. M.; Guan, Z. J. Am. Chem. Soc. 2014, 136, 12548–12551. 
78 Mutti, F. G.; Knaus, T.; Scrutton, N. S.; Breuer, M.; Turner, N. J. Science 2015, 349, 1525-1529. 
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1.5 Aims and Motivation of the project 
In an effort to replace current conventional methods of the construction of 
enantioenriched amines using green approach and extend the synthetic utility of 
catalytic system provided by our group
75
 shown in Scheme 1.35, we become 
interested in the asymmetric amination of α-branched secondary alcohols bearing 2 
stereogenic centers (a mixture of four stereoisomers) in spite of the challenge 
remained in the catalytic eantioselective hydrogen borrowing.  
 
Figure 1.3 Designed process on dynamic kinetic asymmetric amination of alcohols 
 As shown in Figure 1.3, alcohol is oxidized to the corresponding ketone and 
subsequently undergoes condensation to form an imine intermediate. It is envisioned 
that racemization will occur between imine intermediates (A and ent–A) through an 
achiral enamine intermediate. Such a process challenges the catalyst to differentiate 
between A and ent–A in the asymmetric reduction step, in addition to the enantiotopic 
faces of the imine moiety, in order to realize high diastereo- and enantioselectivity for 
the synthesis of α-branched amines. 




In our designed process, under the cooperative catalysis by iridium and chiral 
phosphoric acid, an efficient method could be developed to convert α-branched 
secondary alcohols that exist as a mixture of four isomers to diastereo- and 
enantiopure amines through the process of dynamic kinetic resolution and hydrogen 
borrowing methodology. The preparation of diastereo- and enantiopure 1,2-amino 
alcohols would be also realized using this catalytic system.  
Success of the proposed approach would open up a green redox process for 
accessing both chiral α-branched amines and 1,2-amino alcohols, during in which 
water is the sole by-product and no external reductant is required for the reaction. 
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Chapter 2  Dynamic Kinetic Asymmetric Amination of 
Alcohols: From A Mixture of Four Isomers to Diastereo- 
and Enantiopure α-Branched Amines 
 
2.1 Introduction 
 Dynamic kinetic asymmetric transformation (DYKAT)
1





 has shown to be a useful and valuable strategy in asymmetric 
synthesis. Such a process consists of kinetic resolution with an additional feature; in 
situ racemization of substrate as shown in Scheme 2.1.  
 
Scheme 2.1 Dynamic kinetic resolution (DKR) process 
 During a DKR process, racemization of slow-reacting enantiomers (SS) to 
fast-reacting enantiomers (SR) ensures that the reaction drives to completion by 
converting all of the racemic substrates into product PR. This overcomes the major 
drawback of 50 % theoretical yield in traditional kinetic resolution as enantioenriched 
product PR can be synthesized with 100 % yield. However for a successful DKR, the 
                                                 
1 For a selected review, see: Trost, B. M.; Fandrick, D. R. Aldrichimica Acta, 2007, 40, 59–72. 
2 For selected reviews, see: a) Noyori, R.; Tokunaga, M.; Kitamura, M. Bull. Chem. Soc. Jpn. 1995, 68, 36–55; b) 
Ward, R. S. Tetrahedron: Asymmetry, 1995, 6, 1475–1490; c) Ebbers, E. J.; Ariaans, G. J. A.; Houbiers, J. P. M.; 
Bruggink, A.; Zwanenburg, B. Tetrahedron, 1997, 53, 9417–9476; d) Caddick, S.; Jenkins, K. Chem. Soc. Rev. 
1996, 25, 447–456; e) Huerta, F. F.; Minidis, A. B. E.; Bäckvall, J. Chem. Soc. Rev. 2001, 30, 321–331; f) 
Pellissier, H. Tetrahedron 2003, 59, 8291–8327; g) Pellissier, H. Adv. Synth. Catal. 2011, 353, 659–676. 




enantiomeric ratio (E = kR/kS) has to be greater than 20 and rate of racemization (kINV) 
shall be equal or greater than the rate of fast step (kR). 
 With great importance on ‘in situ racemization’, which differentiates DKR from 
traditional kinetic resolution, it is important to understand the various approaches in 
which racemization can be carried out. The most applied racemization approach will 
be a rapid racemization of the substrate (or an intermediate) for instance base 
catalyzed racemization on compounds bearing acidic hydrogen at the chiral center. 
Another commonly used racemization approach is the conversion of the racemic 
substrate to an achiral intermediate prior to the enantio-determining step such as 
enzyme-catalyzed racemization, schiff base-mediated racemization on amino acids 
and compounds bearing a free primary amino group at the chiral center and 
racemization via sp2 intermediate.
3
 Out of various approaches for racemization, 





 (as reported from the groups of Noyori, Zhou, Johnson, List 
                                                 
3 For a review on enantioselective stereoablative reactions that is related to DYKAT and focused on conversion of 
racemic starting material to an achiral intermediate, see: Mohr, J. T.; Ebner, D. C.; Stoltz, B. M. Org. Biomol. 
Chem. 2007, 5, 3571–3576. 
4 For selected examples, see: (a) Noyori, R.; Ikeda, T.; Ohkuma, T.; Widhalm, M.; Kitamura, M.; Takaya, H.; 
Akutagawa, S.; Sayo, N.; Saito, T.; Taketomi, T.; Kumobayashis, H. J. Am. Chem. Soc. 1989, 111, 9134–9135. (b) 
Ohkuma, T.; Li, J.; Noyori, R. Synlett 2004, 1383–2386. (c) Arai, N.; Ooka, H.; Azuma, K.; Yabuuchi, T.; Kurono, 
N.; Inoue, T.; Ohkuma, T. Org. Lett. 2007, 9, 939–941. (d) Xie, J.-H.; Zhou, Z.-T.; Kong, W.-L.; Zhou, Q.-L.; J. 
Am. Chem. Soc. 2007, 129, 1868–1869. (e) Liu, S.; Xie, J.-H.; Wang, L.-X.; Zhou, Q.-L. Angew. Chem. Int. Ed. 
2007, 46, 7506–7508. (f) Xie, J.-H.; Liu, S.; Kong, W.-L.; Bai, W.-J.; Wang, X.-C.; Wang, L.-X.; Zhou, Q.-L. J. 
Am. Chem. Soc. 2009, 131, 4222–4223. (g) Liu, S.; Xie, J.-H.; Li, W.; Kong, W.-L.; Wang, L.-X.; Zhou, Q.-L. Org. 
Lett. 2009, 11, 4994–4997. (h) Bai, W.-J.; Xie, J.-H.; Li, Y.-L.; Liu, S.; Zhou, Q.-L. Adv. Synth. Catal. 2010, 352, 
81–84. (i) Liu, C.; Xie, J.-H.; Li, Y.-L.; Chen, J.-Q.; Zhou, Q.-L. Angew. Chem. Int. Ed. 2013, 52, 593–596. (j) 
Steward,K. M.; Gentry,E. C.; Johnson, J. S. J. Am. Chem. Soc. 2012, 134, 7329–7332. (k) Steward, K. M.; Corbett, 
M. T.; Goodman, C. G.; Johnson, J. S. J. Am. Chem. Soc. 2012, 134, 20197–20206. (l) Corbett, M. T.; Johnson, J. 
S. J. Am. Chem. Soc. 2013, 135, 594–597. (m) Goodman, C. G.; Do, D. T.; Johnson, J. S. Org. Lett. 2013, 15, 
2446–2449. (n) Corbett, M. T.; Johnson, J. S. Angew. Chem. Int. Ed. 2014, 53, 255–259. (o) Goodman, C. G.; 
Johnson, J. S. J. Am. Chem. Soc. 2014, 136, 14698–14701. (p) Goodman, C. G.; Walker, M. M.; Johnson, J. S. J. 
Am. Chem. Soc. 2015, 137, 122–125. (q) Cohen, D. T.; Eichman, C. C.; Phillips, E. M.; Zarefsky, E. R.; Scheidt, K. 
A. Angew. Chem. Int. Ed. 2012, 51, 7309–7313. (r) Wu, Z.; Li, F.; Wang, J. Angew. Chem. Int. Ed. 2014, 54, 
1629–1633. 
5 For selected examples, see: (a) Ros, A.; Magriz, A.; Dietrich, H.; Ford, M.; Fernandez, R.; Lassaletta, J. M. Adv. 
Synth. Catal. 2005, 347, 1917–1920. (b) Malkov, A. V.: Stončius, S; Viranková, K.; Arndt, M.; Kočovský, P. 
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and others) and metal-catalyzed racemization of alcohol through a redox process (as 
reported by the Bäckvall group, the Fu group and others)
6
 have found wide 
application in asymmetric catalysis.
7
 
One classical example of DKR came from the group of Noyori
4a
, as shown in 
Scheme 2.2. Stereoselective hydrogenation has been realized by utilizing kinetic 
discrimination of rapidly equilibrating enantiomers (kinv > kfast > kslow). A ruthenium 
complex bearing a steric bulky phosphorus ligand was applied to control the 
selectivity. In detail, due to the presence of hydrogen bonding between N-acetyl and 
methoxy-group adjacent to it in the six-membered ring intermediate 4-A, the 
(S)-enantiomer was selectively hydrogenated to give enantioenriched synSR product 
featuring stereodefined vicinal asymmetric centers with 99% yield and excellent 
stereoselectivity.  
 
Scheme 2.2 Noyori’s work on stereoselective hydrogenation via DKR 
                                                                                                                                            
Chem. Eur. J. 2008, 14, 8082–8085. (c) Hoffmann, S.; Nicoletti, M.; List, B. J. Am. Chem. Soc. 2006, 128, 
13074–13075. (d) Cheng, X.; Goddard, R.; Buth, G.; List, B. Angew. Chem. Int. Ed. 2008, 47, 5079–5081. (e) 
Wakchaure, V. N.; Zhou, J.; Hoffmann, S.; List, B. Angew. Chem. Int. Ed. 2010, 49, 4612–4614. 
6 For selected examples, see: (a) Larsson, A. L. E.; Persson, B. A.; Bäckvall, J. E. Angew. Chem. Int. Ed. 1997, 36, 
1211–1212. (b) Persson, B. A.; Larsson, A. L. E.; Le Ray, M.; Bäckvall, J. E. J. Am. Chem. Soc. 1999, 121, 
1645–1650. (c) Persson, B. A.; Huerta, F. F.; Bäckvall, J. E. J. Org. Chem. 1999, 64, 5237–5240. (d) Lee, J. H.; 
Han, K.; Kim, M.-J.; Park, J. Eur. J. Org. Chem. 2010, 999–1015. (e) Lee, S. Y.; Murphy, J. M.; Ukai, A.; Fu, G. 
C. J. Am. Chem. Soc. 2012, 134, 15149–15153. 
7 For selected examples using other racemization stategy in DKR, see: (a) Xu, K.; Lalic, G.; Sheehan, S. M.; Shair, 
M. D. Angew. Chem. Int. Ed. 2005, 44, 2259–2261. (b) Gustafson, J. L.; Lim, D.; Miller, S. J. Science 2010, 328, 
1251–1255. (c) Ros, A.; Estepa, B.; Ramírez-López, P.;  lvarez, E.;  ernández, R.;  assaletta,  . M. J. Am. Chem. 
Soc. 2013, 135, 15730–15733. (d) Bhat, V.; Wang, S.; Stoltz, B. M.; Virgil, S. C. J. Am. Chem. Soc. 2013, 135, 
16829−16832. 




 Racemization also occurs with the conversion of racemic substrate to an achiral 
intermediate prior to the enantio-determining step. In 2007, Zhou and coworkers 
disclosed that ruthenium-catalyzed asymmetric hydrogenation of α-branched aldehyde 
substrate based on DKR process, in which racemization of aldehyde occurred with the 
generation of achiral enol intermediate as shown in Scheme 2.3.
4d
 The chiral 
ruthenium catalyst then selectively hydrogenated one of the two enantiomers and 
formed enantioenriched primary alcohol with high yield and high enantiomeric excess 
up to 96%. 
 
Scheme 2.3 Ruthenium-catalyzed asymmetric hydrogenation of α-branched aldehydes 
 A more recent work by the same group
4i
 was shown in Scheme 2.4, 
α,α’-disubstituted cycloketone substrate (mixture of four stereoisomers due to the 
presence of two stereogenic centers) underwent racemization to produce 
enantioenriched all-syn-chiral diol with three contiguous stereocenters. 
Enantio-control of the hydrogenation process was challenging but was made possible 
with DKR, giving 98% yield and 98% ee.  




Scheme 2.4 Zhou's work on asymmetric hydrogenation of α, α’-disubstituted cycloketones 
Over the years, DKR has allowed reactions to proceed with high yields close to 
100% and with the right choice of chiral transition-metal catalyst, high 
stereoselectivities in products can be observed and synthesized. As a supplement to 
transition-metal catalysis, organocatalysis has also regards as an alternative efficient 
approach for the enantioselective DKR. In 2010, List et al. demonstrated chiral 
phosphoric acid catalyzed asymmetric reductive amination of α-branched ketones 
using dynamic kinetic resolution, which provided a practical method for the highly 
stereoselective synthesis of valuable pharmaceutical intermediate cis-2-substituted 
cyclohexylamines (Scheme 2.5).  
 
Scheme 2.5 Chiral phosphoric acid catalyzed DYKAT 
In a few rare cases, a ‘double’ DKR process could be realized in which two 
isolated stereocenters in the substrate are racemized using the same strategy to yield 
chiral alcohols bearing multiple stereocenters. Recently, our group has reported the 
first example of catalytic asymmetric amination of alcohols promoted by cooperative 




catalysis (Ir-complex in combination with TRIP).
8
 As mentioned in Chapter 1, we 
designed that such “double” DKR process could realize the asymmetric amination of 
alcohols possessing two adjacent stereocenters utilizing borrowing hydrogen 
methodology promoted by cooperative catalysis (Ir-complex in combination with 
TRIP). As a result, diastereo- and enantiopure α-branched amines (essentially one 
isomer) 2-4 could be prepared in high efficiency from a mixture of four isomers 
shown in the Figure 2.1.  
 
Figure 2.1 A ‘double’ DKR process based on borrowing hydrogen methodology 
2.2 Results and Disscussion 
2.2.1 Optimization and substrates scope of Dynamic Kinetic Asymmetric 
Amination of Alcohols. 
We began our investigation by testing a model reaction of 3-phenyl-2-butanol 
(2-1a) and aniline to afford 2-4a. The optimization of the catalytic system was 
initiated using iridium complex 2-2a as a catalyst and chiral phosphoric acid 2-3a as a 
                                                 
8 Zhang, Y.; Lim, C.-S.; Sim, D. S. B.; Pan, H.-J.; Zhao, Y. Angew. Chem. Int. Ed. 2014, 53, 1399−1403. 
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co-catalyst, as it proved highly efficient in the enantioselective amination of alcohols 
in our previous studies. To our delight, the treatment of 2-1a with aniline in the 
presence of 5 mol % of 2-4a and 10 mol % of 2-5a using t-amyl alcohol as solvent 
indeed produced 2-4a in a good diastereoselectivity (dr = 8:1) and excellent 
enantioselectivity, albeit with a low yield (Table 2.1, entry 1). In order to promote 
both efficiency and selectivity, we determined the effect of solvent. Toluene was 
proved to be the best choice that produced 2-4a in much enhanced efficiency with 
slightly decreased dr value (entry 2). The use of slight excess of 2-3a (1.2 equiv.) vs. 
aniline turned out to be much effective in maintaining the high reactivity (entry 3 vs. 
entry 4), while the dr remained moderate (6:1). 
Table 2.1 Optimization of DYKAT 
 








2-2a 2-3a 1.5 : 1 29 89:11 97:3 
2 2-2a 2-3a 1.5 : 1 74 86:14 96:4 
3 2-2a 2-3a 1.2 : 1 72 86:14 96.5:3.5 
4 2-2a 2-3a 1.1 : 1 32 86:14 97:3 
5 2-2b 2-3a 1.2 : 1 19 80:20 91.5:8.5 
6 2-2c 2-3a 1.2 : 1 62 80:20 91:9 
7 2-2d 2-3a 1.2 : 1 8 75:25 62:38 
8 2-2e 2-3a 1.2 : 1 16 67:33 49:51 




9 2-2a 2-3b 1.2 : 1 24 33:67 70:30 
10 2-2a 2-3c 1.2 : 1 6 50:50 74:26 
11 2-2a 2-3d 1.2 : 1 22 50:50 91:9 
12 2-2a 2-3e 1.2 : 1 73 97:3 98.5:1.5 
13 2-2a 2-3e 1 : 1.2 48 97:3 99:1 
14 ent-2-2a 2-3e 1 : 1.2 31 86:14 10:90 
15 2-2a 2-3e 1 : 1.2 60 97:3 99:1 
16
e,f 




The dr value was determined by NMR spectroscopy of the crude reaction 
mixture. 
c
The ee value was determined by HPLC on a chiral stationary phase.  
d
t-amyl alcohol 
as the solvent. 
e
[0.4 M] concentration. 
f
60 h reaction time. 
 
Encouraged by such a promising result, a few iridium catalysts (2-2b)-(2-2e) 
supported by different types of chiral-diamine ligands were tested. Unfortunately, 
neither modification of substitution on the sulfonamide moiety of ligands nor 
variation of chiral-diamine backbone could increase the selectivity (Table 2.1, entries 
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5 - 8). Several chiral phosphoric acids and amide (2-3a)-(2-3e) were then screened to 
investigate the influence of co-catalyst. It was found that binaphthol-based phosphoric 
acids (2-3b and 2-3c) could not improve the enantio- and diastereoselectivity 
comparing the 2-3a bearing more bulky tri-isopropylphenyl group (Table 2.1, entries 
9-10). More acidic additive 2-3d also led to poor selectivity (Table 2.1, entry 11). 
Interestingly, a chiral phosphoric acid (2-3e) with spirocyclic scaffold turned out to be 
the most efficient co-catalyst in terms of enantio- and diastereoselectivity (Table 2.1, 
entry 12). At this point, the use of 2-1a as the limiting reagent proved successful, 
however, the yield of 2-4a reduced to 48% (entry 13). Consistent with our previous 
studies,
9a
 the use of ent-2-2a and 2-3e proved to be the mis-matched case that resulted 
in lower stereoselectivity (entry 14). Gratifyingly, more concentrated conditions and a 
prolonged reaction time led to marked improvement (entries 15-16). The yield of 2-4a 
was improved to 81% with excellent stereoselectivity, realizing a formal conversion 
of four isomers of 2-1a to essentially one stereoisomer of 2-4a.  
With the optimal condition in hand, we then explored the substrate scope of this 
dynamic kinetic asymmetric amination system (Scheme 2.6). We found that a series of 
highly enantioselective and diastereoselective amines could be generated from 
α-branched alcohols (as a 2:1 mixture of diastereomers) under the optimized condition. 
In para-substitution, both electron-donating and electron-withdrawing substituents on 
the aryl ring were well-tolerated, producing the desired products in moderate to good 
yield with excellent selectivity (2-4b)-(2-4e). The absolute configuration of product 




2-4e was determined by X-ray crystallography and those of other products were 
assigned by analogy. Moreover, meta-substitution on the aryl ring (2-4f)-(2-4g) and 
also other aryl groups (2-4i and 2-4j) was proved to be favorable substrates for this 
transformation.  





The reaction was set up . 
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However, ortho-substitution on the aryl ring led to decreased reactivity as well as 
reduced diastereoselectivity (2-4h). The influence of other substituents on the 
α-stereocenter was also examined. When it comes to substrate with alkyl-alkyl 
substituents on the α-stereocenter, dr value dropped dramatically (2-4k), indicating 
that size difference of two substituents on the α-stereocenter is a determining factor in 
achieving high diastereoselectivity. The more sterically hindered alkyl groups than 
methyl also promoted smoothly with excellent results (2-4l)-(2-4n). Finally, 
p-anisidine instead of aniline can also be used to produce 2-4o with similar selectivity 
to 2-4a. One limitation of this system is that only alcohols bearing a small methyl 
substituent can be efficiently converted to the desired products. Much lower 
conversions (<10%) were obtained for alcohol substrates bearing bigger substituents 
than methyl. 
2.2.2 Access to Chiral Amino Alcohols 
 To further extend the synthetic utility of this system, we investigated the reaction 
using mono-protected diols in an attempt to access diastereo- and enantiopure 
1,2-amino alcohols as shown in Figure 2.2. 
 
Figure 2.2 Scheme for access to chiral amino alcohols 
 Mono TBS-ether protected of meso-2,3-butanediol 2-5a was synthesized by the 
use of readily available meso-diol, was used as a model substrate with the hypothesis 




that the catalyst could recognize the steric difference between the bulkyl siloxy group 
and a methyl to realize high dr. As it turned out, the standard reaction conditions 
delivered protected amino alcohols 2-6a and 2-6b (by uisng aniline and p-anisidine, 
respectively) in good yield and again excellent stereoselectivity. To confirm that the 
outcome is independent of the stereochemistry from the substrate, 2-5b (derived from 
dl-diol) was subjected to the standard conditions.  
 
Figure 2.3 Scheme for access to chiral cyclic carbamate 
 To our excitment, 2-6a was indeed obtained in similar yield and selectivity and it 
could further be converted to the cyclic carbamate 2-7 in high efficiency without any 
loss of stereochemistry, as shown in Figure 2.3. 
2.3 Conclusion 
In conclusion, we have developed a highly efficient enantioselective amination 
of α-branched alcohols using borrowing hydrogen methodology through a unique 
“double” dynamic kinetic process. Under the cooperative catalysis of an iridium 
complex with a chiral phosphoric acid, α-branched alcohols as a mixture of four 
isomers can be efficiently converted to diastereo- and enantioenriched acyclic chiral 
amines through one step. This practical approach presents potential application 
prospect in industrial chemistry for the synthesis of biologically active chiral amines, 
including two continuous chiral centres. Although this method is very effective for the 
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synthesis of α-branched chiral amines, it still presents one limitation, that is, low 
reactivity. In order to resolve this problem, our current efforts are focused on the 
development of new catalytic systems to promote these transformations more 
efficiently. 
2.4 Experimental Section 
2.4.1 General Information 
Thin layer chromatography (TLC) was performed on Merck pre-coated TLC 
plates (Merck 60 F254), and compounds were visualized with a UV light at 254nm. 
Further visualization was achieved by staining with iodine, or potassium 
permanganate solution followed by heating using a heat gun. Flash chromatography 




C NMR spectra were recorded on a Bruker ACF300 (300 MHz) or AMX500 (500 
MHz) spectrometer. Chemical shifts were reported in parts per million (ppm), and the 
residual solvent peak was used as an internal reference: proton (chloroform δ 7.26), 
carbon (chloroform δ 77.0) or tetramethylsilane (TMS δ 0.00) was used as a reference. 
Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = 
triplet, q = quartet, m = multiplet, br = broad), coupling constants (Hz) and integration.  
High resolution mass spectra (HRMS) were obtained on a Finnigan/MAT 95XL-T 
spectrometer. Optical rotations were recorded on an mrc AP81 automatic 
polarimeter.  Enantiomeric excesses (ee) were determined by HPLC analysis on 
Shimadzu HPLC units, including the following instruments: pump, LC-20AD; 
detector, SPD-20A; column, Chiralcel OD-H, OJ-H, Chiralpak AS-H, IC.  




All reactions were carried out under nitrogen atmosphere. All solvents were 







 were prepared based on the general 
procedure. 
2.4.2. Representative Procedure for Dynamic Kinetic Asymmetric 
Amination of Alcohols. 
 
To a 4 mL vial equipped with a stir bar were added alcohol 2-3 (0.2 mmol, 1.0 
equiv.), aniline (0.24 mmol, 1.2 equiv.), chiral phosphoric acid 2-1e (0.02 mmol, 14.4 
mg, 10 mol%.). The mixture was taken into the glovebox, where Iridium complex 
2-2a (0.01 mmol, 7.5 mg, 5 mol%), 100 mg molecular sieves and anhydrous toluene 
(0.5 mL) were added using a micropipette. The reaction mixture was stirred and 
refluxed. After completion of the reaction (monitored by TLC), the reaction was 
directly purified by silica gel chromatography (Hexane/EA = 50/1). 
                                                 
9 a) Čorić, I.; Müller, S.;  ist, B. J. Am. Chem. Soc. 2010, 132, 17370−17373; b) Xu, B.; Zhu, S.-F.; Xie, X.-L.; 
Shen, J.-J.; Zhou, Q.-L. Angew. Chem. Int. Ed. 2011, 50, 11483−11486. 
10 a) Hoffmann, S.; Nicoletti, M.; List, B. J. Am. Chem. Soc. 2006, 128, 13074−13075.; b) Xie, J.-H.; Zhou, Z.-T.; 
Kong, W.-L.; Zhou, Q.-L. J. Am. Chem. Soc. 2007, 129, 1868−1869; c) Handy, S. T. J. Org. Chem. 2006, 71, 
4659−4662. 
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A solution of compound 2-6a (69.9 mg, 0.25 mmol, 1.0 equiv.) in THF (2 mL) 
was cooled to 0
o
C. Tetrabutylammonium fluoride (75% w/w aq. soln., 436 mg, 1.25 
mmol, 5.0 eq.) was added, and the reaction mixture was allowed to warm to room 
temperature and stirred for 24h, by which time TLC indicated that the starting 
material was consumed. The mixture was diluted with CH2Cl2, washed with water, 
brine, dried over Na2SO4 and the solvent was removed by rotary evaporation. 
Anhydrous CH2Cl2 (2 mL) was added, followed by N,N-Diisopropylethylamine (131 
μ , 0.75 mmol, 3.0 eq.) at 0oC and the reaction mixture was stirred for 20 minutes at 
this temperature. A solution of triphosgene (4.7 g, 15.8 mmol) in 1.0 mL of anhydrous 
CH2Cl2 was added dropwise and the reaction mixture was allowed to warm to room 
temperature and stirred for 2 hours. The mixture was diluted with CH2Cl2, washed 
with water, brine, dried over Na2SO4 and the solvent was removed by rotary 
evaporation. The residue was purified by flash column chromatography (Hexane/EA = 
15/1) to yield product (41.1 mg, 86%) as a white solid.
                                                 
11 a) Davies, H. M. L.; Hedley, S. J.; Bohall, B. R. J. Org. Chem. 2005, 70, 10737−10742; b) Mishra, R. K.; 
Coates, C. M.; Revell, K. D.; Turos, E. Org. Lett. 2007, 9, 575−578. 




2.4.4. Analytical data of products. 
N-((2S, 3S)-3-phenylbutan-2-yl)aniline (2-4a). 
Colorless oil, 81% yield, >20:1 dr. 
1
H NMR (500 MHz, CDCl3): δ7.34 
– 7.31 (m, 2H), 7.27 – 7.19 (m, 5H), 6.71 (t, J = 7.0 Hz, 1H), 6.63 – 
6.61 (m, 2H), 3.72 – 3.67 (m, 1H), 3.43 (s, 1H), 3.06 – 3.00 (m, 1H), 
1.40 (d, J = 7.0 Hz, 3H), 1.00 (d, J = 6.5 Hz, 3H). 
13
C NMR (125 MHz, CDCl3): δ 
147.4, 143.0, 129.3, 128.3, 128.1, 126.4, 117.0, 113.3, 53.3, 43.8, 18.1, 17.2. HRMS 
(ESI) m/z Calcd for [C16H19N, M+H]
+
: 226.1590; Found: 226.1589.  
Optical Rotation: [α]23D = -69.8 (0.4, CHCl3). 98% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 99:1, flow rate = 0.5 ml/min, wavelength = 254nm, 




N-((2S, 3S)-3-(4-methoxyphenyl)butan-2-yl)aniline (2-4b) 
 Colorless oil, 61% yield, >20:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.21 – 7.17 (m, 2H), 7.10 (d, J = 9.0 Hz, 2H), 6.86 (d, J = 9.0 Hz, 2H), 
6.69 (t, J = 6.5 Hz, 1H), 6.60 (d, J = 8.5 Hz, 2H), 3.81 (s, 3H), 3.67 – 
3.62 (m, 1H), 3.42 (s, 1H), 3.02 – 2.97 (m, 1H), 1.36 (d, J = 7.5 Hz, 3H), 
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0.98 (d, J = 7.0 Hz, 3H). 
13
C NMR (125 MHz, CDCl3): δ 158.2, 147.4, 134.8, 129.3, 
129.2, 116.9, 113.5, 113.3, 55.2, 53.3, 42.7, 18.2, 17.0. HRMS (ESI) m/z Calcd for 
[C17H22NO, M+H]
+
: 256.1696; Found: 256.1692.  
Optical Rotation: [α]23D = -97.0 (0.4, CHCl3). 98% ee. (HPLC condition: Chiralpak 
AS-H column followed by another Chiralpak AS-H column, n-hexane/i-PrOH = 99:1, 
flow rate = 0.5 ml/min, wavelength = 254 nm, tR = 25.02 min for major isomer, tR = 




N-((2S, 3S)-3-(4-chlorophenyl)butan-2-yl)aniline (2-4c) 
Colorless oil, 53% yield, >20:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.29 – 7.27 (m, 2H), 7.22 – 7.18 (m, 2H), 7.12 – 7.10 (m, 2H), 6.70 (t, 
J = 7.0 Hz, 1H), 6.59 (d, J = 8.5 Hz, 2H), 3.69 – 3.63 (m, 1H), 3.36 
(s, 1H), 3.05 – 3.00 (m, 1H), 1.36 (d, J = 7.5 Hz, 3H), 0.98 (d, J = 7.0 
Hz, 3H). 
13
C NMR (125 MHz, CDCl3): δ 147.2, 141.4, 132.1, 129.6, 129.4, 128.2, 
117.2, 113.3, 53.1, 42.9, 17.8, 17.1. HRMS (ESI) m/z Calcd for [C16H19ClN, M+H]
+
: 
260.1201; Found: 260.1191. 




Optical Rotation: [α]23D = -96.1(0.4, CHCl3). 96% ee. (HPLC condition: Chiralcel 
OJ-H column, n-hexane/i-PrOH = 95:5, flow rate = 1.0 ml/min, wavelength = 254 nm, 




N-((2S, 3S)-3-p-tolylbutan-2-yl)aniline (2-4d). 
 Colorless oil, 76% yield, >20:1 dr. 
1
H NMR (500 MHz, CDCl3): 
δ7.19 (t, J = 8.5 Hz, 2H), 7.13 (d, J = 8.0 Hz, 2H), 7.08 (d, J = 8.0 Hz, 
2H), 6.70 (t, J = 7.5 Hz, 1H), 6.61 (d, J = 7.5 Hz, 2H), 3.69 – 3.64 (m, 
1H), 3.44 (s, 1H), 3.02 – 2.97 (m, 1H), 2.35 (s, 3H), 1.37 (d, J = 7.0 Hz, 
3H), 0.99 (d, J = 6.0 Hz, 3H). 
13
C NMR (125 MHz, CDCl3): δ 147.5, 139.8, 135.9, 
129.3, 128.8, 128.2, 116.9, 113.3, 53.3, 43.3, 21.0, 18.2, 17.1. HRMS (ESI) m/z 
Calcd for [C17H22N, M+H]
+
: 240.1747; Found: 240.1740. 
Optical Rotation: [α]23D = -80.4 (0.3, CHCl3). 97% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 99:1, flow rate = 0.5 ml/min, wavelength = 254 
nm, tR = 11.43 min for minor isomer, tR = 12.09 min for major isomer). 







N-((2S, 3S)-3-(biphenyl-4-yl)butan-2-yl)aniline (2-4e). 
 White solid, 74% yield, >20:1 dr. 
1
H NMR (500 MHz, CDCl3): 
δ7.62 (d, J = 8.0 Hz, 2H), 7.56 (d, J = 8.0 Hz, 2H), 7.46 (t, J = 8.0 Hz, 
2H), 7.38 – 7.34 (m, 1H), 7.26 (d, J = 8.5 Hz, 2H), 7.22 (t, J = 8.5 Hz, 
2H), 6.72 (t, J = 7.5 Hz, 1H), 6.64 (d, J = 8.0 Hz, 2H), 3.75 – 3.70 (m, 
1H), 3.49 (s, 1H), 3.13 – 3.07 (m, 1H), 1.43 (d, J = 7.0 Hz, 3H), 1.05 (d, J = 6.5 Hz, 3H). 
13
C NMR (125 MHz, CDCl3): δ 147.4, 142.0, 140.9, 139.3, 129.4, 128.8, 128.7, 127.1, 
127.0, 126.8, 117.1, 113.4, 53.3, 43.3, 18.0, 17.2. HRMS (ESI) m/z Calcd for 
[C27H28N4O4, M+H]
+
: 302.1903; Found: 302.1904. 
Optical Rotation: [α]23D = -55.3 (0.7, CHCl3). 99% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 99:1, flow rate = 0.5 ml/min, wavelength = 254 
nm, tR = 27.32 min for minor isomer, tR = 28.01 min for major isomer). 
  






N-phenyl-N-((2S, 3S)-3-m-tolylbutan-2-yl)acetamide (2-4f) 
 Colorless oil, 71% yield, >20:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.47 – 7.39 (m, 3H), 7.19 – 7.13 (m, 3H), 7.01 – 6.96 (m, 3H), 5.11 – 
4.90 (m, 1H), 2.75 – 2.57 (m, 1H), 2.30 (s, 3H), 1.82 (s, 3H), 1.42 (d, J 
= 7.0 Hz, 3H), 0.76 (d, J = 7.0 Hz, 3H). 
13
C NMR (125 MHz, CDCl3): δ 170.9, 144.7, 
138.0, 129.4, 128.4, 128.3, 128.2, 127.1, 124.8, 44.5, 23.7, 21.3, 20.3, 18.1. HRMS 
(ESI) m/z Calcd for [C19H24NO, M+H]
+
: 282.1852; Found: 282.1863. 
Optical Rotation: [α]22D = +34.3 (0.6, CHCl3). 98% ee. (HPLC condition: Chiralpark 
IC column, n-hexane/i-PrOH = 95:5, flow rate = 1.0 ml/min, wavelength = 230 nm, tR 




N-((2S, 3S)-3-(3-methoxyphenyl)butan-2-yl)-N-phenylacetamide (2-4g) 
Colorless oil, 58% yield, >20:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 7.46 
– 7.39 (m, 3H), 7.19 – 7.16 (m, 3H), 6.78 (d, J = 7.5 Hz, 1H), 6.73 – 
6.72 (m, 2H), 5.05 – 4.90 (m, 1H), 3.77 (s, 3H), 2.77 – 2.61 (m, 1H), 
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1.81 (s, 3H), 1.42 (d, J = 7.0 Hz, 3H), 0.79 (d, J = 6.5 Hz, 3H). 
13
C NMR (125 MHz, 
CDCl3): δ 170.9, 159.7, 146.5, 129.4, 128.2, 120.2, 113.4, 111.7, 55.2, 44.6, 23.7, 
20.3, 18.0. HRMS (ESI) m/z Calcd for [C21H22NO2, M+H]
+
: 320.1645; Found: 
320.1631. 
Optical Rotation: [α]23D = +24.0 (0.5, CHCl3). 98% ee. (HPLC condition: Chiralcel 
OJ-H column, n-hexane/i-PrOH = 98:2, flow rate = 0.5 ml/min, wavelength = 230 nm, 




N-((2S, 3S)-3-(2-methoxyphenyl)butan-2-yl)aniline (2-4h) 
Colorless oil, 16% yield, 12:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 7.23 
– 7.19 (m, 2H), 7.16 – 7.13 (m, 2H), 6.93 (t, J = 7.5 Hz, 1H), 6.88 (d, J 
= 8.0 Hz, 1H), 6.64 (t, J = 7.5 Hz, 1H), 6.57 (d, J = 8.5 Hz, 2H), 3.81 
(s, 3H), 3.76 – 3.71 (m, 1H), 3.38 – 3.32 (m, 1H), 1.34 (d, J = 7.0 Hz, 3H), 1.02 (d, J 
= 6.5 Hz, 3H). 
13
C NMR (125 MHz, CDCl3): δ 157.2, 148.2, 132.6, 129.2, 128.4, 
127.1, 120.6, 116.5, 113.0, 110.6, 55.3, 53.5, 38.5, 18.6, 17.6. HRMS (ESI) m/z 
Calcd for [C17H22NO, M+H]
+
: 256.1696; Found: 256.1688. 




Optical Rotation: [α]22D = +71.8 (0.1, CHCl3). 96% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 99:1, flow rate = 0.5 ml/min, wavelength = 254 




N-((2S, 3S)-3-(naphthalen-2-yl)butan-2-yl)-N-phenylacetamide (2-4i) 
Colorless oil, 80% yield, >20:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.80 – 7.74 (m, 3H), 7.61 (s, 1H), 7.49 – 7.39 (m, 6H), 7.30 – 7.17 (m, 
2H), 5.22 – 5.11 (m, 1H), 2.96 – 2.85 (m, 1H), 1.85 (s, 3H), 1.53 (d, J 
= 7.0 Hz, 3H), 0.80 (d, J = 7.0 Hz, 3H). 
13
C NMR (125 MHz, CDCl3): 
δ 171.0, 142.2, 133.5, 132.3, 129.4, 128.3, 128.2, 127.5, 127.5, 126.3, 125.9, 125.3, 




Optical Rotation: [α]21D = +24.8 (0.7, CHCl3). 97% ee. (HPLC condition: Chiralpark 
AS-H column, n-hexane/i-PrOH = 95:5, flow rate = 1.0 ml/min, wavelength = 254 nm, 
tR = 11.94 min for minor isomer, tR = 18.72 min for major isomer).  






N-((2S, 3S)-3-(benzo[d][1,3]dioxol-5-yl)butan-2-yl)aniline (2-4j) 
 Colorless oil, 71% yield, >20:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.19 (t, J = 8.0 Hz, 2H), 6.76 (d, J = 8.5 Hz, 1H), 6.71 – 6.68 (m, 2H), 
6.64 – 6.60 (m, 3H), 5.95 (s, 2H), 3.65 – 3.60 (m, 1H), 3.44 (s, 1H), 
2.98 – 2.92 (m, 1H), 1.34 (d, J = 8.0 Hz, 3H), 1.00 (d, J = 6.5 Hz, 3H). 13C NMR 
(125 MHz, CDCl3): δ 147.4, 147.4, 146.0, 136.8, 129.4, 121.3, 117.0, 113.3, 108.5, 
107.9, 100.8, 53.3, 43.5, 18.3, 17.2. HRMS (ESI) m/z Calcd for [C17H20NO2, M+H]
+
: 
270.1489; Found: 270.1478. 
Optical Rotation: [α]24D = -85.8 (0.6, CHCl3). 98% ee. (HPLC condition: Chiralcel 
OD-H column followed by another Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, 
flow rate = 0.5 ml/min, wavelength = 254 nm, tR = 43.22 min for minor isomer, tR = 
44.06 min for major isomer).  
  






N-((2S, 3S)-3-cyclohexylbutan-2-yl)aniline (2-4k) 
 Colorless oil, 52% yield, 9:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 7.18 – 
7.15 (m, 2H), 6.65 (t, J = 7.5 Hz, 1H), 6.58 (d, J = 8.5 Hz, 2H), 3.59 – 
3.54 (m, 1H), 3.43 (s, 1H), 1.79 – 1.64 (m, 5H), 1.44 – 1.29 (m, 5H), 
1.21 (d, J = 7.5 Hz, 3H), 1.16 – 1.10 (m, 1H), 1.04 – 0.99 (m, 1H), 0.95 (d, J = 6.5 Hz, 
3H). 
13
C NMR (125 MHz, CDCl3): δ 148.0, 129.3, 116.5, 112.9, 50.1, 44.1, 39.8, 
31.9, 28.9, 26.8, 26.7, 26.6, 19.1, 11.3. HRMS (ESI) m/z Calcd for [C16H26N, M+H]
+
: 
232.2060; Found: 232.2057. 
Optical Rotation: [α]22D = +37.8 (0.3, CHCl3). 98% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 99:1, flow rate = 0.5 ml/min, wavelength = 254 





N-phenyl-N-((2S, 3S)-3-phenylpentan-2-yl)acetamide (2-4l) 
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Colorless oil, 50% yield, >20:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 7.46 
– 7.39 (m, 3H), 7.26 (t, J = 8.0 Hz, 2H), 7.20 – 7.17 (m, 1H), 7.14 – 
7.12 (m, 4H), 5.17 – 4.96 (m, 1H), 2.45 – 2.32 (m, 1H), 2.11 – 2.03 (m, 
1H), 1.81 (s, 3H), 1.75 – 1.69 (m, 2H), 0.73 (t, J = 7.0 Hz, 3H), 0.70 (d, J = 8.0 Hz, 
3H). 
13
C NMR (125 MHz, CDCl3): δ 170.9, 142.6, 129.4, 128.6, 128.3, 128.2, 126.4, 
52.3, 26.3, 23.7, 18.2, 12.0. HRMS (ESI) m/z Calcd for [C19H24NO, M+H]
+
: 
282.1852; Found: 282.1843. 
Optical Rotation: [α]24D = +49.3 (0.3, CHCl3). 97% ee. (HPLC condition: Chiralpark 
AS-H column, n-hexane/i-PrOH = 95:5, flow rate = 0.5 ml/min, wavelength = 230 nm, 




N-((2S, 3S)-3-(4-methoxyphenyl)pentan-2-yl)aniline (2-4m) 
 Colorless oil, 67% yield, >20:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.19 (t, J = 8.0 Hz, 2H), 7.05 (d, J = 8.0 Hz, 2H), 6.86 (d, J = 8.5 Hz, 
2H), 6.69 (t, J = 8.0 Hz, 1H), 6.60 (d, J = 9.0 Hz, 2H), 3.82 (s, 3H), 
3.74 – 3.69 (m, 1H), 3.36 (s, 1H), 2.73 – 2.69 (m, 1H), 1.88 – 1.83 (m, 
1H), 1.75 – 1.68 (m, 1H), 0.97 (d, J = 6.5 Hz, 3H), 0.84 (t, J = 7.5 Hz, 3H). 13C NMR 




(125 MHz, CDCl3): δ 158.2, 147.4, 132.8, 130.0, 129.4, 116.9, 113.5, 113.4, 55.2, 
52.0, 50.8, 25.3, 17.0, 12.5. HRMS (ESI) m/z Calcd for [C18H24NO, M+H]
+
: 
270.1852; Found: 270.1843. 
Optical Rotation: [α]24D = -71.4 (0.5, CHCl3). 98% ee. (HPLC condition: Chiralcel 
OJ-H column, n-hexane/i-PrOH = 95:5, flow rate = 0.5 ml/min, wavelength = 254 nm, 





N-((2S, 3S)-3-phenylhexan-2-yl)aniline (2-4n) 
 Colorless oil, 48% yield, >20:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.32 (t, J = 7.0 Hz, 2H), 7.25 (d, J = 6.5 Hz, 1H), 7.21 (t, J = 7.5 Hz, 
2H), 7.19 – 7.14 (m, 2H), 6.70 (t, J = 7.5 Hz, 1H), 6.61 (d, J = 9.0 Hz, 
2H), 3.76 – 3.71 (m, 1H), 3.38 (s, 1H), 2.89 – 2.85 (m, 1H), 1.84 – 1.72 (m, 2H), 1.29 
– 1.20 (m, 2H), 0.99 (d, J = 6.0 Hz, 3H), 0.89 (t, J = 7.5 Hz, 3H). 13C NMR (125 
MHz, CDCl3): δ 147.4, 141.3, 129.4, 129.0, 128.0, 126.4, 116.9, 113.3, 52.2, 49.6, 
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Optical Rotation: [α]24D = -76.3 (0.3, CHCl3). 93% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 99:1, flow rate = 0.5 ml/min, wavelength = 254 




4-methoxy-N-((2S, 3S)-3-phenylbutan-2-yl)aniline (2-4o) 
 Colorless oil, 66% yield, >20:1 dr. 
1
H NMR (500 MHz, 
CDCl3): δ 7.32 (t, J = 7.5 Hz, 2H), 7.26 – 7.22 (m, 1H), 7.18 
(d, J = 8.0 Hz, 2H), 6.81 (d, J = 8.5 Hz, 2H), 6.58 (d, J = 9.0 
Hz, 2H), 3.77 (s, 3H), 3.62 – 3.57 (m, 1H), 3.14 (s, 1H), 3.04 
– 2.99 (m, 1H), 1.38 (d, J = 7.0 Hz, 3H), 0.98 (d, J = 6.0 Hz, 3H). 13C NMR (125 
MHz, CDCl3): δ 151.8, 143.0, 141.7, 128.3, 128.1, 126.3, 115.0, 114.8, 55.8, 54.3, 
43.6, 18.1, 17.2. HRMS (ESI) m/z Calcd for [C16H26N, M+H]
+
: 256.1696; Found: 
256.1687. 
Optical Rotation: [α]23D = -75.9 (0.4, CHCl3). 96% ee. (HPLC condition: Chiralcel 
OJ-H column, n-hexane/i-PrOH = 95:5, flow rate = 1.0 ml/min, wavelength = 254 nm, 
tR = 18.77 min for minor isomer, tR = 28.22 min for major isomer).  







N-((2S, 3R)-3-(tert-butyldimethylsilyloxy)butan-2-yl)aniline (2-6a) 
 Colorless oil, 72% yield and 66% yield, >20:1 dr. 
1
H NMR (500 MHz, 
CDCl3): δ 7.17 (t, J = 8.0 Hz, 2H), 6.68 (t, J = 7.5 Hz, 1H), 6.58 (d, J = 
7.5 Hz, 2H), 4.01 – 3.97 (m, 1H), 3.80 (s, 1H), 3.42 – 3.37 (m, 1H), 1.18 (d, J = 6.5 
Hz, 3H), 1.14 (d, J = 6.0 Hz, 3H) , 0.94 (s, 9H), 0.06 (s, 3H), 0.04 (s, 3H). 
13
C NMR 
(125 MHz, CDCl3): δ 147.3, 129.2, 117.0, 113.4, 69.9, 53.5, 25.8, 20.8, 18.1, 13.5, 
-4.2, -4.9. HRMS (ESI) m/z Calcd for [C16H30NOSi, M+H]
+
: 280.2091; Found: 
280.2099. 
Optical Rotation: [α]24D = 5.5 (0.6, CHCl3). 95% ee and 94% ee. (HPLC condition: 
Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, flow rate = 0.5 ml/min, wavelength 
= 254 nm, tR = 7.98 or 8.14 min for minor isomer, tR = 8.52 or 8.73min for major 
isomer).  
  








N-((2S, 3R)-3-(tert-butyldimethylsilyloxy)butan-2-yl)-4-methoxyaniline (2-6b) 
Colorless oil, 67% yield, >20:1 dr. 
1
H NMR (500 MHz, 
CDCl3): δ 6.76 (d, J = 9.0 Hz, 2H), 6.54 (d, J = 8.5 Hz, 2H), 
3.99 – 3.95 (m, 1H), 3.75 (s, 3H), 3.52 (s, 1H), 3.31 – 3.26 
(m, 1H), 1.16 (d, J = 6.5 Hz, 3H), 1.09 (d, J = 6.5 Hz, 3H) , 0.92 (s, 9H), 0.04 (s, 3H), 
0.02 (s, 3H). 
13
C NMR (125 MHz, CDCl3): δ 151.9, 141.6, 115.1, 114.9, 69.9, 55.8, 
54.7, 25.9, 20.8, 18.1, 13.6, -4.2, -4.8. HRMS (ESI) m/z Calcd for [C17H32NO2Si, 
M+H]
+
: 310.2197; Found: 310.2210. 
Optical Rotation: [α]23D = 5.6 (0.6, CHCl3). 92% ee. (HPLC condition: Chiralpark 
IC column followed by another Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, 
flow rate = 0.5 ml/min, wavelength = 254 nm, tR = 17.96 min for minor isomer, tR = 
19.29 min for major isomer).  










 Colorless oil, 86% yield, >20:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.46 – 7.44 (m, 3H), 7.18 – 7.16 (m, 2H), 5.26 – 5.21 (m, 1H), 4.50 – 
4.45 (m, 1H), 1.50 (d, J = 6.5 Hz, 3H), 1.27 (d, J = 6.5 Hz, 3H). 
13
C 
NMR (125 MHz, CDCl3): δ 150.1, 149.9, 138.9, 129.5, 129.3, 80.4, 59.2, 17.5, 13.9. 
Optical Rotation: [α]22D = -24.2 (0.7, CHCl3). 94% ee. (HPLC condition: Chiralcel 
AS-H column, n-hexane/i-PrOH = 97:3, flow rate = 1.0 ml/min, wavelength = 230 nm, 
tR = 6.07 min for major isomer, tR = 6.48 min for minor isomer).  
  
  
                                                 
12 Baba, A.; Seki, K.; Matsuda, H. J. Org. Chem. 1991, 56, 2684−2688. 
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2.4.5. X-ray crystallographic analysis and determination of configuration of 
the products 2-4e. 
 
Table 2.2 Crystal data and structure refinement for 2-4e 
Empirical formula  C22H24N 
Formula weight  302.42 
Temperature  100(2) K 
Wavelength  1.54178 Å 
Crystal system  Orthorhombic 
Space group  P 21 21 21 
Unit cell dimensions a = 6.7245(2) Å  
 b = 8.5410(3) Å  
 c = 29.6456(11) Å  
Volume 1702.66(10) Å3 
Z 4 




Density (calculated) 1.180 Mg/m3 
Absorption coefficient 0.509 mm-1 
F(000) 652 
Crystal size 0.347 x 0.128 x 0.102 mm3 
Theta range for data collection 5.970 to 72.299° 
Index ranges -8<=h<=6, -10<=k<=8, -36<=l<=32 
Reflections collected 6775 
Independent reflections 3224 [R(int) = 0.0337] 
Completeness to theta = 67.679° 98.0 %  
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 3224 / 0 / 282 
Goodness-of-fit on F2 1.139 
Final R indices [I>2sigma(I)] R1 = 0.0523, wR2 = 0.1337 
R indices (all data) R1 = 0.0539, wR2 = 0.1419 
Absolute structure parameter -0.1(2)* 
Extinction coefficient 0.002(3) 
Largest diff. peak and hole 0.374 and -0.346 e.Å-3 
 
* Flack x determined using 1275 quotients [(I+)-(I-)]/[(I+)+(I-)] 
 (Parsons, Flack and Wagner, Acta Cryst. B69 (2013) 249-259). 
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Chapter 3 Microwave-Assisted Dynamic Kinetic Asymmetric 




Chiral amines of various substitution patterns are ubiquitous functionalities in 
pharmaceuticals and fine chemicals. The tetralin- and dihydrochromene-derived chiral 
amines are an important structural motif present in numerous biologically active 
entities and advanced materials (Figure 3.1).
1
 Development of efficient methods for 
the synthesis of such compounds in high stereoselectivity is thus highly desired.  
 
Figure 3.1 Selected pharmaceutical molecules bearing bicyclic amines 
However, the control of both relative and absolute configurations for this class of 
stereochemically well-defined molecules has proven to be extremely challenging. Up 
to date, only one enzymatic catalytic method was reported for the conversion of the 
corresponding enone to a type amine by sequential reduction using an ene-reductase 
(ER) and reductive amination using a transaminase (TA). In this method, NADPH 
was used as the stoichiometric reductant, and the preparation of only one chiral amine 
product was reported. In this method, however, the enzymatic reaction is restricted by 
                                                 
1 Eli Lilly and Company, Patent WO2005/821 A1, 2005.  




numerous fundamental factors like pH, temperature, ionic strength and appropriate 
concentrations of essential components. Thus, more efforts need to be devoted to 
opening up a more efficient enantioselective route for the synthesis of such kinds of 
chiral amines.  
In chapter 2, we just described Dynamic kinetic asymmetric transformation 
(DYKAT) or dynamic kinetic resolution (DKR), which has been recognized as a 
highly valuable strategy in asymmetric synthesis, could convert racemic substrates 
into enantioenriched products exceeding 50% yield compared to traditional chemical 
resolution. In addition, enantioselective amination of alcohols by the use of borrowing 
hydrogen methodology as extraordinary atom economical and green methods for 
accessing valuable chiral amines have been received more amd more attention.
2
 
Recently, our group has reported the first example of asymmetric amination of 
alcohols via borrowing hydrogen
3
 and also presented a “double” DKR process that 
could realize the asymmetric amination of alcohols possessing two adjacent 
stereocenters utilizing the BH process promoted by cooperative catalysis (Ir-complex 
in combination with chiral Brønsted acid).
4
 As a result, diastereo- and enantiopure 
α-branched amines (essentially one isomer) have been prepared in high efficiency 
from a mixture of four isomers shown in the Scheme 3.1.
 
 
                                                 
2 a) Shermer, D. J.; Slatford, P. A.; Edney, D. D.; Williams, J. M. J. Tetrahedron: Asymmetry 2007, 18, 
2845–2848; b) Putra, A. E.; Oe, Y.; Ohta, T. Eur. J. Org. Chem. 2013, 6146–6151; c) Quintard, A; Constantieux, 
T.; Rodriguez, J. Angew. Chem. Int. Ed. 2013, 52, 12883–12887; d) Oldenhuis, N. J.; Dong, V. M.; Guan, Z. J. Am. 
Chem. Soc. 2014, 136, 12548–12551; e) Peña-Lopez, M.; Neumann, H.; Beller, M. Angew. Chem., Int. Ed. DOI: 
10.1002/anie.201600698. 
3 Zhang, Y.; Lim, C.-S.; Sim, D. S. B.; Pan, H.-J.; Zhao, Y. Angew. Chem. Int. Ed. 2014, 53, 1399−1403. 
4 Rong, Z.-Q.; Zhang, Y.; Chua, R. H. B.; Pan, H.-J.; Zhao, Y. J. Am. Chem. Soc. 2015, 137, 4944. 




Scheme 3.1 Dynamic kinetic asymmetric amination of alcohols 
We recently wondered whether our previously reported dynamic kinetic 
asymmetric amination of acyclic alcohols could be extended to more broadly 
applicable tetralin- and indane-based alcohols bearing two stereogenic centers (a 
mixture of four stereoisomers in Scheme 3.2) and we have found that 
microwave-assisted such catalytic system does exhibit quite good performance for the 
synthesis of the desired tetralin- and indane-derived chiral amines that are proven 
entities in medicinal chemistry. 
3.2 Results and Disscussion 
 
Scheme 3.2 Preliminary results of dynamic kinetic asymmetric amination of bicyclic alcohol 
On the basis of our previeous catalytic system, we began our investigation by 
examining the asymmetric amination of bicyclic alcohol 3-1a with aniline, in which 




the desired amine 3-4a was obtained with moderate diastereoselectivity and excellent 
enantioselectivity at 120h, albeit with low yield (34% yield) (Scheme 3.2).  
Encouraged by this promising result, a few iridium catalysts (3-2b)-(3-2e) 
bearing different sulfonamide moiety or chiral diamine backbone were tested. 
Unfortunately, neither modification of substitution on the sulfonamide moiety nor 
variation of chiral-diamine backbone could increase the reactivity and selectivity 
(Table 3.1, entries 1 - 4). Further screening of chiral phosphoric acids showed that 
catalyst 3-3a was still the best cocatalysts and catalysts (3-3b)-(3-3e) were ineffective 
for improving the enantio- and diastereoselectivity any more (Table 3.1, entries 6 - 7). 
As for different solvents, they again showed reduced reactivity and selectivity (Table 
1, entries 9 - 11). Overall, the Iridium complex 2a with the spirocyclic 3a turned out 
to be the most efficient catalytic systerm in terms of enantio- and diastereoselectivity 
through screening different reaction parameters (Scheme 3.2).  
Table 3.1 Optimization of DYKAT under microwave condition 
 






1 3-2b 3-3a toluene 12 84:16 76/10 
2 3-2c 3-3a toluene 16 76:24 87:13/ 
3 3-2d 3-3a toluene trace - - 
4 3-2e 3-3a toluene trace - - 





3-2a 3-3b toluene 40 88:12 80/86 
6 3-2a 3-3c toluene 20 91:9 24/30 
7 3-2a 3-3d toluene 28 90:10 40/20 
8 3-2a 3-3e toluene 40 82:18 63/6 
9 3-2a 3-3a 
t-amyl 
alcohol 
trace - - 
10 3-2a 3-3a CPME 36 80:20 86/56 




The dr value was determined by NMR spectroscopy of the crude reaction 
mixture. 
c
The ee value was determined by HPLC on a chiral stationary phase. CPME = 
cyclopentyl methyl ether, DMC = dimethyl carbonate. 
 
An attractive redox-neutral synthesis of bicyclic chiral amines was presented, 
while this catalytic system was limited to low reactivity. Interestingly, the 
introduction of microwave was shown to be more efficient obviously for this 
transformation under the optimal conditions. The desired bicyclic amine 2-4a in 
similar yield and diastereoselectivity with slightly reduced enantioselectivity was 
obtained after 3 hours (compared to 120 hours in Scheme 3.2) (Table 2, entry 1). 




Finally different reaction temperature and time were tested. When 120 
o
C was used to 
replace 110 
o
C, better conversion to 2-4a was obtained, however, lower 
stereoselectivity was observed (Table 3.2, entry 2). To our excitement, extension of 
reaction time from 3h to 20h provided 2-4a in good yield with moderate dr of 83:17 
and excellent ees of 93, 89 (Table 3.2, entry 3). 
Table 3.2 Optimization of microwave condition 
 





1 110 3 38 82:18 93/86 
2 120 5 50 80:20 90/72 
3
 




The dr value was determined by NMR spectroscopy of the crude reaction 
mixture. 
c
The ee value was determined by HPLC on a chiral stationary phase. 
With optimized reaction conditions in hand, we next evaluated the substrates 
scope of the dynamic kinetic asymmetric amination. As illustrated in Scheme 3.3, the 
electron-withdrawing or electron-donating groups on the different positions of 
aromatic rings can be well-tolerated to yield 3-4 in good yield with moderate to 
excellent selectivity utilizing aniline as a nucleophile (3-4a)-(3-4i). Interestingly, with 
electron-rich and electron-neutral alcohols, the corresponding products were obtained 
with excellent d.r. (90:10 – 95:5) and ee values (88% – 97%; 3-4c, 3-4d, 3-4i), 
although yields were modetrate. When aniline was changed to p-anisidine, it also gave 
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moderate to good d.r. (86:14 – 92:8) and excellent ee (80% – 92%; Scheme 3.3, 3-4j 
and 3-4k). Bicyclic alcohol bearing a different backbone proceeded smoothly in good 
yield and excellent ee, albeit with low diastereoselectivity (68:32 dr; Scheme 3.3, 
3-4l).  
Scheme 3.3 Substrates scope of microwave-assisted asymmetric amination 
 
To investigate the generality of the reaction, we turned our attention to bicyclic 
alcohos bearing five-member ring 3.5. As shown in Scheme 3.4, the substrate scope 




of this protocol is remarkably broad. In general, with short turnaround times, excellent 
yields and moderate dr values were achieved perhaps because of the less steric factors 
compared to six-member ring 3-1 (Scheme 3.4, (3-6a)-(3-6d) and 3-6f). Both 
electron-withdrawing and electron-donating groups on one same aryl rings gave 
excellent stereoselectivity magically (Scheme 3.4, 3-6e). The relative and absolute 
configuration of 3-6e was unambiguously assigned by single crystal X-ray analysis of 
its HCl salt, and those of other chiral bicyclic adducts were assigned by analogy. 
More steric alcohol 3-5g produced 3-6g successfully with excellent diastereo- and 
enantioselectivity, although the yield was moderate. 
Scheme 3.4 Scope of microwave-assisted asymmetric amination 
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Substitution of the aniline nucleophile were also carried out for the amination of 
bicyclic alcohols utilizing 3-5e, and electron-rich and electron-poor anilines provided 
adducts in excellent yield with excellent diastereo- and enantioselectivity (Scheme 5).  
Scheme 3.5 Scope of microwave-assisted asymmetric amination 
 
 
To show the utility of this strategy, the deprotection of PMP grpup was carried 
out. In the precence of periodic acid, free amine 3-8 was obtained in 61% yield 
succesfully, which provides a potential possibility for further modification of this kind 
of valuable bicyclic amines.  




Scheme 3.6 Deprotection of PMP group 
 
3.3 Conclusion 
In conculsion, microwave-assisted catalytic asymmetric amination of readily 
available tetralin- and indane-based alcohols (as a mixture of four stereoisomers) via 
borrowing hydrogen process has been realized. This simple procedure provides access 
to biologically active tetralin- and indane-derived chiral amines in a moderate to good 
diastereo- and excellent enantioselective fashion.  
3.4 Experimental Section 
3.4.1 General Information 
Thin layer chromatography (TLC) was performed on Merck pre-coated TLC 
plates (Merck 60 F254), and compounds were visualized with a UV light at 254nm. 
Further visualization was achieved by staining with iodine, or potassium 
permanganate solution followed by heating using a heat gun. Flash chromatography 




C NMR spectra were recorded on a Bruker ACF300 (300 MHz) or AMX500 (500 
MHz) spectrometer. Chemical shifts were reported in parts per million (ppm), and the 
residual solvent peak was used as an internal reference: proton (chloroform δ 7.26), 
carbon (chloroform δ 77.0) or tetramethylsilane (TMS δ 0.00) was used as a reference. 
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Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = 
triplet, q = quartet, m = multiplet, br = broad), coupling constants (Hz) and integration.  
High resolution mass spectra (HRMS) were obtained on a Finnigan/MAT 95XL-T 
spectrometer. Optical rotations were recorded on an mrc AP81 automatic 
polarimeter.  Enantiomeric excesses (ee) were determined by HPLC analysis on 
Shimadzu HPLC units, including the following instruments: pump, LC-20AD; 
detector, SPD-20A; column, Chiralcel OD-H, OJ-H, Chiralpak AS-H, IC.  
All reactions were carried out under nitrogen atmosphere. All solvents were 
purified and dried according to standard methods prior to use. The Iridium complex, 
chiral phosphoric acid, all substrates were prepared based on the general procedure. 
3.4.2 General procedure for the substrate synthesis. 
 
Step 1: 
 In a two-necked round bottom flask under nitrogen atmosphere, a suspension of 
the phosophonium chloride (15 mmol) in ether was cooled to 0 °C. With continuous 
stirring, potassium t-butoxide (16 mmol) was added in portions to give a dark red 
solution. This reaction mixture was allowed to stir for 30 minutes, and a solution of 




the ketone substrate (10 mmol) in ether was added drop-wise through a dropping 
funnel. The mixture was allowed to stir for another 30 minutes at 0 °C and was 
warmed up to ambient temperature, after which it was allowed to stir for another 24 
hours. Water was added to quench the reaction and extraction was carried out using 
ethyl acetate (20 mL x 4). The combined organic phase was washed with brine and 
dried over Na2SO4. All solvents were removed and the residue was purified using 
column chromatography (hexane/ ethyl acetate 8:1 or 10:1) to give the enol ether 
intermediate as colorless oil.  
Step 2: 
 The enol ether intermediate was dissolved in 20 mL acetone and 5 mL water. The 
solution was cooled to 0 °C using ice bath with continuous stirring. 3 – 4 mL of HBr 
(48 %) was added drop-wise and the reaction was left to stir at 0 °C for another 30 
minutes before it was allowed to warm up to ambient temperature. After which the 
reaction mixture was left to stir for another 10 hours. The reaction was quenched 
carefully with the addition of NaHCO3 and extracted with CH2Cl2 (20 mL x 4). The 
combined organic phase was washed with brine and dried over Na2SO4. All solvents 
were removed and the residue was purified using column chromatography (hexane/ 
ethyl acetate 8:1 or 10:1) to give the enol ether intermediate as colorless oil. 
Step 3: 
In a round bottom flask under nitrogen atmosphere, the product after step 2 was 
dissolved in 30 mL dried ether and the mixture was cooled to 0 °C. Using a dropping 
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funnel, MeMgBr (1.2 equiv) was added drop-wise to the reaction. The reaction was 
then allowed to warm to ambient temperature and stirred for 3 hours. The reaction 
was cooled to 0 °C before quenching with the drop-wise addition of water. Extraction 
was carried out using ether (20 mL x 4) and the combined organic phase was washed 
with brine and dried over Na2SO4. All solvents were removed and the residue was 
purified with column chromatography (hexane/ ethyl acetate 8:1) to give the titled 
product as colorless oil. 
  




3.4.3 Representative Procedure for Dynamic Kinetic Asymmetric 
Amination of Alcohols 
 
Scheme 3.7 Representative procedure for Asymmetric Amination of Alcohols 
To a 10 mL tube equipped with a stir bar were added alcohol 3-1 (0.2 mmol, 1.0 
equiv.), aniline (0.24 mmol, 1.2 equiv.), chiral phosphoric acid 3-3a (0.02 mmol, 14.4 
mg, 10 mol%.). The mixture was taken into the glovebox, where Iridium complex 
2-2a (0.01 mmol, 7.5 mg, 5 mol%), 100 mg molecular sieves and anhydrous toluene 
(0.5 mL) were added using a micropipette. The reaction mixture was sealed and taken 
out the glovebox. And then the tube was put into the microwave reactor and stirred at 
110 
o
C. After completion of the reaction (monitored by TLC), the reaction was 
directly purified by silica gel chromatography (Hexane/EA = 50/1). 
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3.4.4 Analytical data of substrates. 
1-(5-methoxy-1,2,3,4-tetrahydronaphthalen-1-yl)ethanol (3-1b). 
Colorless oil, 1:1 dr. 
1
H NMR (500 MHz, CD2Cl2) δ 7.19 – 7.08 (m, 
2H), 6.93 (d, J = 7.5 Hz, 1H), 6.83 (d, J = 8.0 Hz, 1H), 6.73 – 6.69 (m, 
2H), 4.30 – 4.25 (m, 1H), 4.02 – 3.97 (m, 1H), 3.81 (s, 1H), 3.81 (s, 
3H), 2.80 – 2.70 (m, 3H), 2.67 – 2.64 (m, 2H), 2.55 – 2.48 (m, 1H), 2.03 – 1.96 (m, 
1H), 1.91 – 1.76 (m, 6H), 1.74 – 1.68 (m, 1H), 1.24 (d, J = 6.4 Hz, 6.5H), 1.16 (d, J = 
6.3 Hz, 6.5H). 
13
C NMR (126 MHz, CD2Cl2) δ 157.9, 157.7, 139.8, 139.3, 128.3, 
126.9, 126.7, 125.9, 122.0, 120.8, 107.9, 107.6, 70.9, 70.6, 55.7, 55.6, 45.6, 44.9, 39.7, 
31.0, 24.3, 23.4, 20.9, 20.7, 20.1, 19.6. HRMS-EI (m/z): [M]
+
 calcd for C13H18O2: 
206.1307; Found: 206.1309. 
1-(6,7-dimethoxy-1,2,3,4-tetrahydronaphthalen-1-yl)ethanol (3-1c). 
Colorless oil, 1:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 6.81 (s, 1H), 
6.74 (s, 1H), 6.59 (s, 1H), 6.58 (s, 1H), 4.29 (qd, J = 6.4, 3.7 Hz, 
1H), 4.02 – 3.91 (m, 1H), 3.84  – 3.83 (m, 12H), 2.77 (td, J = 7.1, 3.7 Hz, 1H), 2.72 
– 2.61 (m, 5H), 2.05 – 1.91 (m, 1H), 1.87  – 1.77 (m, 5H), 1.74 – 1.65 (m, 2H), 1.26 
(d, J = 6.4 Hz, 3H), 1.21 (d, J = 6.2 Hz, 3H). 
13
C NMR (126 MHz, CDCl3): δ 147.5, 
147.3, 147.2, 146.7, 131.5, 130.0, 129.0, 128.8, 112.7, 112.2, 112.0, 111.2, 71.0, 70.5, 
56.0, 55.8, 55.8, 44.6, 43.9, 29.5, 29.0, 24.5, 22.7, 21.5, 20.1, 20.0, 19.9. HRMS-EI 
(m/z): [M]
+
 calcd for C14H20O3: 236.1412; Found: 236.1405. 
1-(5,7-dimethyl-1,2,3,4-tetrahydronaphthalen-1-yl)ethanol (3-1d). 




Colorless oil, 6:1 dr. 
1
H NMR (500 MHz, CD2Cl2): δ 6.98 (s, 0.18H), 
6.88 (s, 1H), 6.87 (s, 1H), 6.85 (s, 0.18H), 4.28 (qd, J = 6.4, 4.2 Hz, 
0.18H), 3.97 (dq, J = 7.3, 6.3 Hz, 1H), 2.79 – 2.73 (m, 0.20H), 2.73 
– 2.67 (m, 1H), 2.63 – 2.58 (m, 2H), 2.30 (s, 0.46H), 2.28 (s, 3H), 2.20 (s, 4H), 1.97 – 
1.72 (m, 5H), 1.68 (s, 1H), 1.25 (d, J = 6.3 Hz, 1H), 1.19 (d, J = 6.3 Hz, 3H). 
13
C 
NMR (125 MHz, CD2Cl2): δ 137.7, 137.0, 134.5, 133.4, 129.1, 128.3, 70.9, 46.0, 26.5, 
24.7, 21.1, 20.3, 20.1, 19.8. HRMS-EI (m/z): [M]
+
 calcd for C14H20O: 204.1514; 
Found: 204.1513. 
1-(6-methoxy-1,2,3,4-tetrahydronaphthalen-1-yl)ethanol (3-1e). 
Colorless oil, 5:1 dr. 
1
H NMR (500 MHz, CD2Cl2): δ 7.33 (d, J = 
8.1 Hz, 0.19H), 7.12 (d, J = 8.3 Hz, 1H), 6.78 – 6.57 (m, 2H), 6.03 
(td, J = 4.7, 1.3 Hz, 0.18H), 4.83 (qd, J = 6.5, 1.3 Hz, 0.18H), 4.02 – 3.93 (m, 1H), 
3.79 (s, 1H), 3.76 (s, 3H), 2.80 – 2.62 (m, 3H), 2.36 – 2.11 (m, 0.45H), 1.91 – 1.73 (m, 
3H), 1.73 – 1.61 (m, 1H), 1.57 (s, 1H), 1.41 (d, J = 6.4 Hz, 1H), 1.15 (d, J = 6.3 Hz, 
3H). 
13
C NMR (125 MHz, CD2Cl2): δ 158.9, 158.3, 139.8, 139.4, 130.8, 130.1, 124.6, 
121.5, 114.3, 114.3, 111.8, 111.2, 71.2, 67.8, 55.6, 55.5, 44.8, 30.2, 29.2, 25.0, 23.2, 
22.9, 20.6, 20.2. HRMS-EI (m/z): [M]
+
 calcd for C13H18O2: 206.1307; Found: 
206.1312. 
1-(6-chloro-1,2,3,4-tetrahydronaphthalen-1-yl)ethanol (3-1f). 
Colorless oil, 1:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 7.24 (d, J = 8.2 
Hz, 1H), 7.18 – 7.05 (m, 4H), 4.27 (qd, J = 6.4, 4.0 Hz, 1H), 4.00 (p, 
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J = 6.4 Hz, 1H), 2.86 – 2.61 (m, 6H), 2.04 – 1.93 (m, 1H), 1.90 – 1.76 (m, 5H), 1.73 – 
1.58 (m, 2H), 1.25 (d, J = 6.4 Hz, 3H), 1.20 (d, J = 6.2 Hz, 3H). 
13
C NMR (126 MHz, 
CDCl3): δ 141.1, 139.9, 135.9, 135.8, 131.7, 131.6, 130.8, 129.7, 129.1, 129.0, 126.0, 
125.5, 70.8, 70.5, 44.4, 44.0, 29.8, 29.3, 24.2, 22.6, 21.0, 20.2, 20.0, 19.8. HRMS-EI 
(m/z): [M]
+
 calcd for C12H15ClO: 210.0811; Found: 210.0807.  
1-(7-chloro-1,2,3,4-tetrahydronaphthalen-1-yl)ethanol (3-1h) 
Colorless oil, 1:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 7.31 (d, J = 2.1 
Hz, 1H), 7.23 (d, J = 2.2 Hz, 1H), 7.09 (ddd, J = 7.8, 5.3, 2.2 Hz, 
1H), 7.02 (dd, J = 8.3, 3.6 Hz, 2H), 4.29 (qd, J = 6.4, 3.7 Hz, 1H), 4.04 (p, J = 6.4 Hz, 
1H), 2.82 – 2.78 (m, 2H), 2.73 – 2.67 (m, 4H), 2.05 – 1.94 (m, 1H), 1.92 – 1.74 (m, 
5H), 1.72 – 1.57 (m, 2H), 1.27 (d, J = 6.3 Hz, 3H), 1.19 (d, J = 6.2 Hz, 3H).13C NMR 
(126 MHz, CDCl3): δ 139.4, 139.3, 137.6, 136.4, 131.3, 130.8, 130.5, 130.2, 129.2, 
128.1, 126.2, 126.1, 70.7, 70.5, 44.8, 44.3, 29.4, 28.9, 23.9, 22.4, 21.2, 20.2, 20.1, 
19.9. HRMS-EI (m/z): [M]
+
 calcd for C12H15ClO: 210.0811; Found: 210.0802.  
1-(7-methoxy-1,2,3,4-tetrahydronaphthalen-1-yl)ethanol (3-1i). 
Colorless oil, 5:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 7.02 (dd, J = 
8.4, 4.8 Hz, 2H), 6.86 (d, J = 2.7 Hz, 1H), 6.78 (d, J = 2.7 Hz, 
1H), 6.72 (ddd, J = 8.5, 5.9, 2.7 Hz, 2H), 4.34 (qd, J = 6.4, 3.8 Hz, 1H), 4.03 (p, J = 
6.5 Hz, 1H), 3.78 (s, 3H), 3.78 (s, 3H), 2.85 – 2.75 (m, 2H), 2.73 – 2.62 (m, 4H), 2.06 
– 1.91 (m, 1H), 1.90 – 1.75 (m, 5H), 1.73 – 1.60 (m, 2H), 1.28 (d, J = 6.4 Hz, 3H), 
1.21 (d, J = 6.3 Hz, 3H). 
13
C NMR (126 MHz, CDCl3): δ 157.8, 157.3, 138.4, 131.5, 




130.2, 130.1, 130.0, 114.4, 113.2, 112.2, 112.0, 70.8, 70.5, 55.2, 45.2, 44.6, 29.1, 28.6, 
24.2, 22.5, 21.6, 20.3, 20.1, 19.8. HRMS-EI (m/z): [M]
+
 calcd for C13H18O2: 
206.1307; Found: 206.1306.  
1-(7-fluoro-1,2,3,4-tetrahydronaphthalen-1-yl)ethanol (3-1g). 
Colorless oil, 1:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 7.10 – 6.99 (m, 
3H), 6.96 (dd, J = 10.2, 2.7 Hz, 1H), 6.84 (td, J = 8.3, 3.5 Hz, 2H), 
4.29 (qd, J = 6.3, 3.9 Hz, 1H), 4.05 (p, J = 6.4 Hz, 1H), 2.82 (dd, J = 
7.4, 4.2 Hz, 2H), 2.76 – 2.65 (m, 4H), 2.04 – 1.94 (m, 1H), 1.92 – 1.73 (m, 5H), 
1.72 – 1.59 (m, 2H), 1.27 (d, J = 6.4 Hz, 3H), 1.19 (d, J = 6.2 Hz, 3H). 13C NMR 
(126 MHz, CDCl3): δ 161.9 (d, JFC = 63.0 Hz), 160.0 (d, JFC = 63.0 Hz), 139.3 (t, J = 
12.6 Hz), 134.7 (d, J = 2.5 Hz), 133.4 (d, J = 3.8 Hz), 130.5 (q, J = 3.8 Hz), 115.6 (d, 
J = 25.2 Hz), 114.4 (d, J = 25.2 Hz), 113.3 (d, J = 12.6 Hz), 113.0 (d, J = 12.6 Hz), 
70.8, 70.5, 44.9, 44.5, 29.3, 28.8, 23.8, 22.4, 21.5, 20.4, 20.2, 19.8. HRMS-EI (m/z): 
[M]
+
 calcd for C12H15FO: 194.1107; Found: 194.1098. 
1-(2,3-dihydro-1H-inden-1-yl)ethanol (3-5a). 
Colorless oil, 1:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 7.43 (d, J = 6.7 
Hz, 1H), 7.33 – 7.25 (m, 3H), 7.25 – 7.17 (m, 4H), 4.29 (qd, J = 6.3, 
3.5 Hz, 1H), 3.95 (p, J = 6.4 Hz, 1H), 3.27 (td, J = 7.5, 3.6 Hz, 1H), 3.25 – 3.20 (m, 
1H), 3.00 (dt, J = 14.5, 7.2 Hz, 2H), 2.95 – 2.83 (m, 2H), 2.30 – 2.09 (m, 3H), 2.00 – 
1.90 (m, 1H), 1.30 (d, J = 6.3 Hz, 3H), 1.26 (d, J = 6.3 Hz, 3H). 
13
C NMR (126 MHz, 
CDCl3): δ 145.4, 144.7, 144.1, 143.5, 127.0, 126.9, 126.2, 126.1, 125.2, 124.7, 124.6, 
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124.0, 71.0, 68.9, 52.4, 52.1, 31.6, 31.5, 28.0, 25.0, 20.8, 20.4. HRMS-EI (m/z): [M]
+
 
calcd for C11H14O: 162.1045; Found: 162.1042. 
1-(5-methoxy-2,3-dihydro-1H-inden-1-yl)ethanol (3-5b). 
Colorless oil, 1:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 7.29 (d, J = 
8.3 Hz, 1H), 7.16 (d, J = 8.2 Hz, 1H), 6.79 (s, 2H), 6.73 (ddd, J = 
11.0, 8.2, 2.5 Hz, 2H), 4.19 (qd, J = 6.4, 3.7 Hz, 1H), 3.86 (p, J = 6.5 Hz, 1H), 3.79 (s, 
6H), 3.17 (td, J = 7.3, 3.6 Hz, 1H), 3.11 (td, J = 7.6, 4.8 Hz, 1H), 2.99 – 2.88 (m, 2H), 
2.88 – 2.75 (m, 2H), 2.27 – 2.04 (m, 3H), 1.95 – 1.85 (m, 1H), 1.24 (d, J = 6.4 Hz, 
3H), 1.22 (d, J = 6.3 Hz, 3H). 
13
C NMR (125 MHz, CDCl3): δ 159.2, 159.2, 146.9, 
146.3, 136.1, 135.5, 125.8, 124.5, 112.3, 112.0, 110.1, 71.2, 69.0, 55.4, 55.3, 51.7, 
51.3, 31.8, 31.7, 28.5, 25.4, 20.9, 20.3. HRMS-EI (m/z): [M]
+
 calcd for C12H16O2: 
192.1150; Found: 192.1153.  
1-(5-chloro-2,3-dihydro-1H-inden-1-yl)ethanol (3-5c). 
Colorless oil, 1:1 dr. 
1
H NMR (500 MHz, CDCl3):
 δ 7.33 (d, J = 8.0 
Hz, 1H), 7.22 – 7.10 (m, 5H), 4.20 (qd, J = 6.3, 3.7 Hz, 1H), 3.88 (p, 
J = 6.4 Hz, 1H), 3.19 (td, J = 7.7, 3.7 Hz, 1H), 3.13 (td, J = 7.6, 5.3 Hz, 1H), 3.00 – 
2.88 (m, 2H), 2.88 – 2.78 (m, 2H), 2.27 – 2.04 (m, 3H), 1.93 – 1.87 (m, 1H), 1.23 (d, 
J = 6.3 Hz, 3H), 1.21 (d, J = 6.2 Hz, 3H). 
13
C NMR (125 MHz, CDCl3): δ 147.3, 
146.7, 142.7, 142.1, 132.6, 132.6, 126.4, 126.3, 126.2, 125.1, 124.9, 124.7, 71.0, 68.9, 
51.8, 51.5, 31.6, 31.4, 28.2, 25.3, 21.0, 20.4. HRMS-EI (m/z): [M]
+
 calcd for 
C11H13ClO: 196.0655; Found: 196.0662.   





Colorless oil, 8:1 dr. 
1
H NMR (500 MHz, Acetone-d6): δ 7.28 (s, 
1H), 7.13 (s, 0.24H), 7.05 (d, J = 7.6 Hz, 1H), 6.99 (d, J = 7.7 Hz, 
0.16H), 6.93 (d, J = 7.6 Hz, 1H), 4.07 (h, J = 6.0 Hz, 0.11H), 3.90 (h, J = 6.0 Hz, 1H), 
3.82 (dt, J = 3.8, 1.6 Hz, 0.13H), 3.58 (ddt, J = 5.0, 3.3, 1.6 Hz, 1H), 3.33 (dd, J = 3.3, 
1.9 Hz, 0.10H), 3.14 (q, J = 7.0 Hz, 1H), 2.92 – 2.68 (m, 3H), 2.30 (s, 0.49H), 2.27 (s, 
3H), 2.15 – 2.06 (m, 1H), 1.93 – 1.80 (m, 1H), 1.16 (dd, J = 6.4, 1.0 Hz, 0.36H), 1.09 
(dd, J = 6.2, 1.0 Hz, 3H). 
13
C NMR (126 MHz, Acetone-d6): δ 146.3, 142.2, 135.8, 
129.1, 128.0, 126.8, 126.3, 125.1, 124.7, 71.4, 69.1, 53.3, 43.3, 31.9, 31.5, 28.5, 28.3, 
21.4, 20.9. HRMS-EI (m/z): [M]
+
 calcd for C12H16O: 176.1201; Found: 176.1198.   
1-(5-chloro-6-methoxy-2,3-dihydro-1H-inden-1-yl)ethanol (3-5e). 
Colorless oil, 1.6:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 7.22 (s, 
1H), 7.20 (s, 1H), 7.07 (s, 1H), 6.87 (s, 1H), 4.23 (qd, J = 6.3, 3.5 
Hz, 1H), 3.91 – 3.85 (m, 7H), 3.22 (td, J = 9.0, 7.9, 3.5 Hz, 1H), 3.16 – 3.07 (m, 1H), 
2.93 – 2.68 (m, 4H), 2.27 – 2.04 (m, 3H), 1.94 – 1.82 (m, 1H), 1.24 (d, J = 6.1 Hz, 
6H). 
13
C NMR (126 MHz, CDCl3): δ 153.8, 153.6, 144.2, 143.3, 137.9, 137.2, 126.1, 
125.8, 121.3, 121.1, 109.6, 108.2, 71.2, 69.0, 56.3, 56.3, 52.6, 52.1, 30.8, 30.7, 28.6, 
25.6, 21.2, 20.3. HRMS-EI (m/z): [M]
+
 calcd for C12H15ClO2: 226.0761; Found: 
226.0756. 
1-(6-methoxy-2,3-dihydro-1H-inden-1-yl)ethanol (3-5f). 
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Colorless oil, 1:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 7.13 (dd, J = 
8.3, 3.6 Hz, 2H), 6.98 (d, J = 2.3 Hz, 1H), 6.83 (d, J = 2.3 Hz, 1H), 
6.75 (dd, J = 8.2, 2.5 Hz, 2H), 4.25 (qd, J = 6.4, 3.6 Hz, 1H), 3.90 (p, J = 6.4 Hz, 1H), 
3.80 – 3.79 (m, 6H), 3.29 – 3.08 (m, 2H), 2.95 – 2.74 (m, 4H), 2.26 – 2.06 (m, 3H), 
1.97 – 1.83 (m, 1H), 1.26 (d, J = 6.3 Hz, 3H), 1.23 (d, J = 6.2 Hz, 3H). 13C NMR 
(126 MHz, CDCl3): δ 158.8, 158.5, 145.7, 145.0, 137.3, 136.6, 125.2, 125.0, 112.8, 
112.8, 110.9, 109.6, 71.0, 68.9, 55.5, 52.7, 52.3, 30.7, 30.6, 28.6, 25.5, 20.9, 20.4. 
HRMS-EI (m/z): [M]
+
 calcd for C12H16O2: 192.1150; Found: 192.1152.   
1-(4-bromo-7-methoxy-2,3-dihydro-1H-inden-1-yl)ethanol (3-5g). 
Colorless oil, 5:1 dr. 
1
H NMR (500 MHz, CDCl3): δ 7.30 (d, J = 8.8 
Hz, 1H), 6.61 (d, J = 8.6 Hz, 1H), 4.21 (qd, J = 6.4, 2.8 Hz, 1H), 
4.06 – 3.97 (m, 0.19H), 3.83 – 3.82 (m, 4H), 3.65 – 3.54 (m, 1H), 
3.46 (td, J = 8.0, 3.7 Hz, 0.18H), 3.07 – 2.90 (m, 1H), 2.89 – 2.77 (m, 1H), 2.39 (s, 
1H), 2.23 – 2.10 (m, 1H), 1.99 (ddt, J = 13.6, 9.3, 4.8 Hz, 1H), 1.16 (d, J = 6.3 Hz, 
1H), 1.09 (d, J = 6.4 Hz, 3H). 
13
C NMR (125 MHz, CDCl3): δ 155.3, 147.2, 146.6, 
133.7, 132.5, 131.0, 111.3, 111.3, 110.5, 110.4, 70.2, 69.5, 55.6, 55.5, 52.7, 52.2, 33.8, 
33.7, 26.9, 25.5, 20.6, 19.7. HRMS-EI (m/z): [M]
+
 calcd for C12H15BrO2: 270.0255; 
Found: 270.0252.   
  




3.4.5 Analytical data of products. 
N-((S)-1-((S)-1,2,3,4-tetrahydronaphthalen-1-yl)ethyl)aniline (3-4a). 
Colorless oil, 60% yield, 82.5:17.5 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.25 (d, J = 7.5 Hz, 0.18H), 7.18 – 7.12 (m, 1H), 7.12 – 7.05 (m, 2H), 
7.05 – 6.99 (m, 3H), 6.64 – 6.55 (m, 1H), 6.50 (d, J = 7.4 Hz, 2H), 4.14 – 4.03 (m, 
0.16H), 3.81 – 3.67 (m, 1H), 3.50 (s, 1H), 3.22 (q, J = 7.7, 7.0 Hz, 0.20H), 2.98 (q, J 
= 6.5, 6.1 Hz, 1H), 2.78 – 2.61 (m, 2H), 1.99 – 1.82 (m, 2H), 1.79 – 1.65 (m, 1H), 
1.65 – 1.47 (m, 1H), 1.03 (d, J = 6.5 Hz, 3H), 0.93 (d, J = 6.6 Hz, 0.50H). 13C NMR 
(126 MHz, CDCl3): δ 147.5, 147.1, 138.6, 138.5, 138.1, 137.5, 129.3, 129.3, 129.2, 
129.0, 128.8, 127.4, 125.8, 125.5, 125.4, 117.2, 117.0, 113.3, 113.2, 52.3, 52.2, 42.1, 
39.5, 30.3, 29.7, 25.5, 22.8, 21.9, 21.3, 18.4, 16.1. HRMS (ESI) m/z Calcd for 
[C18H22N, M+H]
+
: 252.1747; Found: 252.1748. Optical Rotation: [α]26D = -12.9 (0.3, 
CHCl3). 93% ee (major isomer), 89% ee (minor isomer). (HPLC condition: Chiralpak 
IC following by another Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, flow rate 
= 1.0 ml/min, wavelength = 254nm, tR1 = 11.51 min for minor isomer, tR2 = 13.59 min 
for minor isomer, tR3 = 14.26 min for major isomer, tR4 = 14.71 min for major isomer). 
  
  




 Colorless oil, 50% yield, 87:13 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.24 – 7.15 (m, 2H), 7.10 (t, J = 8.0 Hz, 1H), 7.00 (d, J = 7.9 Hz, 0.16H), 
6.89 (d, J = 7.7 Hz, 1H), 6.76 – 6.66 (m, 2H), 6.61 (d, J = 7.8 Hz, 2H), 
3.86 – 3.80 (m, 1H), 3.83 (s, 3H), 3.04 (q, J = 5.9 Hz, 1H), 2.83 – 2.77 (m, 1H), 2.65 
– 2.54 (m, 1H), 2.03 – 1.90 (m, 2H), 1.90 – 1.81 (m, 1H), 1.73 – 1.62 (m, 1H), 1.15 (d, 
J = 6.5 Hz, 3H), 1.03 (d, J = 6.6 Hz, 1H). 
13
C NMR (126 MHz, CDCl3): δ 157.1, 
147.5, 138.8, 129.3, 129.3, 127.1, 126.0, 125.5, 121.2, 119.6, 117.0, 113.2, 107.2, 
55.2, 52.0, 42.4, 25.0, 23.3, 22.8, 22.3, 21.1, 20.3, 18.6. HRMS (ESI) m/z Calcd for 
[C19H24NO, M+H]
+
: 282.1852; Found: 282.1854.  
Optical Rotation: [α]23D = -28.6 (0.4, CHCl3). 95% ee (major isomer), 91% ee (minor 
isomer). (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, flow 
rate = 0.5 ml/min, wavelength = 254 nm, tR1 = 17.22 min for minor isomer, tR2 = 19.94 











Colorless oil, 53% yield, 94:6 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.20 – 7.14 (m, 2H), 6.74 (s, 1H), 6.69 (t, J = 7.2 Hz, 1H), 6.64 – 
6.56 (m, 3H), 3.85 (s, 3H), 3.79 (dd, J = 6.6, 4.7 Hz, 1H), 3.75 (s, 3H), 3.04 (q, J = 
6.6, 6.1 Hz, 1H), 2.76 – 2.64 (m, 2H), 2.05 – 1.93 (m, 2H), 1.79 – 1.71 (m, 1H), 1.70 
– 1.60 (m, 1H), 1.14 (d, J = 6.4 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 147.4, 
147.1, 146.6, 130.6, 129.3, 129.0, 117.1, 113.1, 111.9, 111.6, 55.8, 55.7, 52.4, 41.2, 
29.3, 25.3, 21.5, 18.3. HRMS (ESI) m/z Calcd for [C20H25NaNO2, M+Na]
+
: 
334.1778; Found: 334.1780. 
Optical Rotation: [α]24D = -30.8(0.4, CHCl3). 96% ee (major isomer). (HPLC 
condition: Chiralcel OD-H column, n-hexane/i-PrOH = 90:10, flow rate = 1.0 ml/min, 
wavelength = 254 nm, tR1 = 8.62 min for minor isomer, tR2 = 10.39 min for minor 









 Colorless oil, 50% yield, 95:5 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.20 (t, J = 7.2 Hz, 2H), 6.93 (s, 1H), 6.89 (s, 1H), 6.71 (t, J = 7.3 Hz, 
1H), 6.63 (d, J = 8.0 Hz, 2H), 3.81 (t, J = 6.5 Hz, 1H), 3.59 (s, 1H), 
2.97 (q, J = 6.0 Hz, 1H), 2.75 – 2.55 (m, 2H), 2.29 (s, 3H), 2.23 (s, 3H), 2.06 – 1.96 
(m, 1H), 1.96 – 1.88 (m, 2H), 1.77 – 1.72 (m, 1H), 1.17 (d, J = 6.5 Hz, 3H). 13C NMR 
(126 MHz, CDCl3): δ 147.6, 137.3, 136.1, 133.9, 133.4, 129.3, 129.2, 128.6, 127.6, 
116.9, 113.3, 52.0, 43.1, 26.1, 25.0, 21.0, 20.5, 19.7, 18.9. HRMS (ESI) m/z Calcd 
for [C20H26N, M+H]
+
: 280.2060; Found: 280.2064. 
Optical Rotation: [α]24D = -9.8 (0.4, CHCl3). 97% ee (major isomer). (HPLC 
condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, flow rate = 0.5 ml/min, 
wavelength = 254 nm, tR1 = 10.29 min for minor isomer, tR2 = 11.88 min for minor 











White solid, 53% yield, 87:13 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.24 – 7.07 (m, 3H), 6.78 – 6.54 (m, 5H), 3.78 (s, 3H), 3.63 (s, 1H), 
3.02 (q, J = 6.0 Hz, 1H), 2.82 – 2.63 (m, 2H), 2.05 – 1.91 (m, 2H), 1.86 – 1.74 (m, 1H), 
1.74 – 1.50 (m, 2H), 1.13 (d, J = 6.4 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 157.6, 
147.4, 139.7, 129.8, 129.5, 129.3, 129.3, 128.4, 117.0, 113.8, 113.6, 113.2, 112.0, 
111.6, 55.1, 55.1, 52.2, 41.4, 38.8, 30.6, 30.1, 25.5, 23.0,  21.9, 21.2, 18.3, 16.0. 
HRMS (ESI) m/z Calcd for [C19H24NO, M+H]
+
: 282.1852; Found: 282.1856. 
Optical Rotation: [α]24D = -22.8 (0.3, CHCl3). 96% ee (major isomer), 96% ee 
(minor isomer). (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, 
flow rate = 0.5 ml/min, wavelength = 254 nm, tR1 = 18.17 min for minor isomer, tR2 = 
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Colorless oil, 50% yield, 79:21 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.21 – 7.17 (m, 3H), 7.08 – 7.06 (m, 2H), 6.70 (t, J = 7.3 Hz, 1H), 
6.60 (d, J = 8.0 Hz, 2H), 4.14 – 4.04 (m, 0.28H), 3.77 (dt, J = 11.5, 
6.2 Hz, 1H), 3.66 (s, 1H), 3.28 – 3.21 (m, 0.25H), 3.06 (q, J = 6.5 Hz, 1H), 2.75  – 
2.69 (m, 2H), 2.08 – 1.85 (m, 2H), 1.85 – 1.72 (m, 1H), 1.72 – 1.50 (m, 2H), 1.09 (d, 
J = 6.5 Hz, 3H), 1.02 (d, J = 6.5 Hz, 1H). 
13
C NMR (126 MHz, CDCl3): δ 140.5, 
140.4, 135.9, 131.4, 131.1, 130.2, 129.4, 129.4, 128.9, 128.9, 128.7, 126.0, 125.5, 
117.3, 113.3, 52.4, 41.3, 39.0, 30.1, 29.7, 25.4, 22.6, 21.6, 21.1, 18.2. HRMS (ESI) 
m/z Calcd for [C18H21ClN, M+H]
+
: 286.1357; Found: 286.1360. 
Optical Rotation: [α]26D = -12.6 (0.4, CHCl3). 93% ee (major isomer), 88% ee 
(minor isomer). (HPLC condition: Chiralpark IB column followed by Chiralcel OD-H 
column, n-hexane/i-PrOH = 99:1, flow rate = 0.5 ml/min, wavelength = 230 nm, tR1 = 
29.84 min for minor isomer, tR2 = 44.20 min for major isomer, tR3 = 45.60 min for 









Colorless oil, 54% yield, 73:27 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.25 – 7.17 (m, 2H), 7.09 – 6.97 (m, 2H), 6.88 – 6.78 (m, 1H), 6.75 (d, 
J = 7.3 Hz, 0.27H), 6.71 (t, J = 7.2 Hz, 1H), 6.62 (d, J = 7.9 Hz, 2H), 4.12 (qd, J = 6.5, 
4.2 Hz, 0.31H), 3.78 (tt, J = 6.6, 3.2 Hz, 1H), 3.65 (s, 1H), 3.29 (q, J = 6.9 Hz, 0.31H), 
3.11 (q, J = 7.2, 6.8 Hz, 1H), 2.72 (t, J = 6.2 Hz, 2H), 2.09 – 1.91 (m, 2H), 1.91 – 1.84 
(m, 0.38H), 1.81 – 1.69 (m, 1H), 1.69 – 1.50 (m, 2H), 1.11 (d, J = 6.5 Hz, 3H), 1.04 
(d, J = 6.6 Hz, 1H).
 13
C NMR (126 MHz, CDCl3): δ 162.2, 161.7, 160.2, 159.8, 147.1, 
140.1, 140.0, 139.4, 139.3, 134.1, 134.1, 130.4, 130.3, 130.1, 130.0, 129.4, 129.3, 
117.5, 117.2, 115.1, 114.9, 113.8, 113.6, 113.5, 113.2, 112.8, 112.6, 112.5, 52.5, 41.6, 
39.5, 29.6, 29.2, 25.5, 22.3, 21.9, 21.5, 18.0, 15.9. HRMS (ESI) m/z Calcd for 
[C18H21FN, M+H]
+
: 270.1653; Found: 270.1646.  
Optical Rotation: [α]23D = -2.6 (0.4, CHCl3). 91% ee (major isomer), 85% ee (minor 
isomer). (HPLC condition: Chiralpak IB column, n-hexane/i-PrOH = 99:1, flow rate 
= 1.0 ml/min, wavelength = 254 nm, tR1 = 6.11 min for minor isomer, tR2 = 7.10 min for 
minor isomer, tR3 = 7.33 min for major isomer, tR4 = 8.83 min for major isomer). 
  





Colorless oil, 42% yield, 79:21 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.31 – 7.30 (m, 0.18H), 7.26 (d, J = 2.2 Hz, 1H), 7.24 – 7.17 (m, 2H), 
7.08 (dd, J = 8.1, 1.9 Hz, 1H), 7.04 – 7.00 (m, 1H), 6.76 – 6.70 (m, 1H), 6.62 (d, J = 
7.9 Hz, 2H), 4.18 – 4.03 (m, 0.24H), 3.82 – 3.71 (m, 1H), 3.68 (s, 1H), 3.35 – 3.21 (m, 
0.23H), 3.08 (q, J = 6.7 Hz, 1H), 2.72 – 2.70 (m, 2H), 2.06 – 1.90 (m, 2H), 1.83 – 
1.71 (m, 1H), 1.69 – 1.59 (m, 1H), 1.09 (d, J = 6.6 Hz, 3H), 1.03 (d, J = 6.7 Hz, 1H). 
13
C NMR (126 MHz, CDCl3): δ 147.0, 139.3, 137.1, 137.0, 131.4, 130.8, 130.5, 
130.2, 129.4, 129.4, 128.7, 127.3, 125.9, 125.7, 117.4, 113.4, 52.6, 41.5, 39.2, 29.8, 
29.3, 25.5, 22.3, 21.7, 21.2, 18.1, 15.9. HRMS (ESI) m/z Calcd for [C18H21ClN, 
M+H]
+
: 286.1357; Found: 286.1359.  
Optical Rotation: [α]26D = +12.4 (0.3, CHCl3). 92% ee (major isomer), 75% ee 
(minor isomer). (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, 
flow rate = 1.0 ml/min, wavelength = 254 nm, tR1 = 6.85 min for minor isomer, tR2 = 
8.33 min for minor isomer, tR3 = 9.41 min for major isomer, tR4 = 11.75 min for major 
isomer).  








Colorless oil, 49% yield, 90:10 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.19 (t, J = 7.9 Hz, 2H), 7.01 (d, J = 8.4 Hz, 1H), 6.81 (d, J = 2.2 Hz, 
1H), 6.76 – 6.67 (m, 2H), 6.62 (d, J = 7.9 Hz, 2H), 3.82 (s, 0.47H), 3.81– 3.78 (m, 
1H), 3.74 (s, 3H), 3.15 – 3.02 (m, 1H), 2.70 (t, J = 6.3 Hz, 2H), 2.06 – 1.93 (m, 2H), 
1.83 – 1.72 (m, 1H), 1.69 – 1.59 (m, 1H), 1.13 (d, J = 6.5 Hz, 3H), 1.05 (d, J = 6.6 Hz, 
0.34H).
 13
C NMR (125 MHz, CDCl3): δ 157.3, 138.4, 130.8, 129.7, 129.3, 117.1, 
113.9, 113.3, 111.8, 55.2, 52.5, 41.8, 29.0, 25.6, 21.6, 18.2. HRMS (ESI) m/z Calcd 
for [C19H24NO, M+H]
+
: 282.1852; Found: 282.1851. 
Optical Rotation: [α]21D = -9.6 (0.4, CHCl3). 93% ee (major isomer), 88% ee (minor 
isomer). (HPLC condition: Chiralpak IA column, n-hexane/i-PrOH = 99:1, flow rate = 
1.0 ml/min, wavelength = 254 nm, tR1 = 6.46 min for minor isomer, tR2 = 7.62 min for 
major isomer, tR3 = 9.08 min for major isomer, tR4 = 10.39 min for minor isomer).  







Colorless oil, 58% yield, 86:14 dr. 
1
H NMR (500 MHz, CD3OD): δ 7.24 
– 7.16 (m, 1H), 7.09 – 6.98 (m, 3H), 6.71 (d, J = 8.9 Hz, 2H), 6.56 (d, J 
= 8.9 Hz, 2H), 4.81 (s, 3H), 3.68 – 3.64  (m, 4H), 3.00 (q, J = 6.4 Hz, 
1H), 2.79 – 2.63 (m, 2H), 2.00 – 1.82 (m, 3H), 1.60 (ddd, J = 17.6, 8.9, 4.5 Hz, 1H), 
1.04 (d, J = 6.5 Hz, 3H).
 13
C NMR (126 MHz, CD3OD): δ 153.2, 143.7, 139.6, 139.2, 
130.1, 129.9, 126.7, 126.3, 116.1, 115.9, 56.3, 54.9, 43.4, 30.7, 26.6, 22.4, 18.7. 
HRMS (ESI) m/z Calcd for [C19H24NO, M+H]
+
: 282.1852; Found: 282.1856. 
Optical Rotation: [α]23D = -34.9 (0.4, CHCl3). 88% ee (major isomer). (HPLC 
condition: Chiralcel OD-H column, n-hexane/i-PrOH = 95:5, flow rate = 1.0 ml/min, 
wavelength = 254 nm, tR = 6.13 min for minor isomer, tR = 7.60 min for major isomer).  









Colorless oil, 52% yield, 92:8 dr. 
1
H NMR (500 MHz, CDCl3): δ 6.91 
(s, 1H), 6.85 (s, 1H), 6.78 (d, J = 8.1 Hz, 2H), 6.72 – 6.35 (m, 2H), 
3.76 (s, 3H), 2.94 (s, 1H), 2.61 (tq, J = 17.0, 10.3, 8.2 Hz, 2H), 2.26 (s, 
3H), 2.21 (s, 3H), 2.06 – 1.95 (m, 1H), 1.95 – 1.85 (m, 2H), 1.76 – 1.69 (m, 1H). 13C 
NMR (126 MHz, CDCl3): δ 137.4, 136.1, 134.0, 133.5, 128.6, 127.4, 115.0, 55.8, 
26.1, 24.9, 21.0, 20.7, 19.7. HRMS (ESI) m/z Calcd for [C21H28NO, M+H]
+
: 
310.2165; Found: 310.2167. 
Optical Rotation: [α]26D = -26.2 (0.3, CHCl3). 92% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 99:1, flow rate = 1.0 ml/min, wavelength = 254 
nm, tR = 6.49 min for minor isomer, tR = 7.92 min for major isomer).  







Colorless oil, 53% yield, 68:32 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.21 – 7.16 (m, 3H), 7.12 (t, J = 7.7 Hz, 1H), 7.07 (t, J = 8.2 Hz, 
1H), 6.91 – 6.81 (m, 3H), 6.73 (t, J = 6.8 Hz, 1H), 6.63 (d, J = 8.0 Hz, 2H), 6.60 (d, J 
= 8.0 Hz, 1H), 4.48 (d, J = 10.7 Hz, 1H), 4.33 (d, J = 10.7 Hz, 1H), 4.08 – 3.96 (m, 
1H), 3.91 (t, J = 10.1 Hz, 1H), 3.58 (p, J = 6.6 Hz, 1H), 3.51 (p, J = 6.5 Hz, 1H), 2.97 
(dd, J = 16.3, 5.1 Hz, 1H), 2.89 (dd, J = 16.0, 4.3 Hz, 1H), 2.80 (dd, J = 16.3, 9.2 Hz, 
1H), 2.70 (dd, J = 16.1, 10.2 Hz, 1H), 2.24 – 2.07 (m, 2H), 1.39 – 1.20 (m, 6H). 13C 
NMR (126 MHz, CDCl3): δ 154.7, 154.6, 147.2, 130.0, 129.9, 129.4, 127.3, 127.2, 
121.5, 121.3, 120.4, 120.4, 117.6, 117.5, 116.5, 116.4, 113.5, 113.4, 68.5, 68.1, 50.0, 
49.9, 38.7, 38.4, 28.3, 28.1, 18.4, 18.1. HRMS (ESI) m/z Calcd for [C17H20NO, 
M+H]
+
: 254.1539; Found: 254.1535. 
Optical Rotation: [α]24D = +3.5 (0.4, CHCl3). 94% ee (major isomer), 93% ee (minor 
isomer). (HPLC condition: Chiralpark IB column, n-hexane/i-PrOH = 95:5, flow rate 




= 1.0 ml/min, wavelength = 254 nm, tR1 = 13.36 min for minor isomer, tR2 = 14.57 min 





Colorless oil, 83% yield, 81:19 dr. 
1
H NMR (500 MHz, CDCl3): δ 7.51 
– 7.38 (m, 0.25H), 7.35 – 7.17 (m, 6H), 6.81 – 6.66 (m, 3H), 3.98 (dt, J 
= 12.1, 6.3 Hz, 0.23H), 3.86 (p, J = 6.2 Hz, 1H), 3.71 (s, 1H), 3.57 (dt, J = 9.3, 5.0 Hz, 
1H), 3.08 (dt, J = 16.2, 8.1 Hz, 1H), 3.01 (dd, J = 9.1, 5.9 Hz, 0.18H), 3.00 – 2.86 (m, 
1H), 2.42 – 2.30 (m, 1H), 2.29 – 2.20 (m, 0.26H), 2.06 (ddt, J = 13.1, 8.7, 4.6 Hz, 1H), 
2.03 – 1.97 (m, 0.18H), 1.18 (d, J = 6.5 Hz, 3H). 13C NMR (126 MHz, CDCl3): δ 
147.3, 144.9, 144.8, 143.4, 129.3, 126.8, 126.7, 126.2, 126.0, 125.0, 124.6, 124.5, 
124.4, 117.0, 113.2, 51.2, 49.0, 31.8, 31.5, 28.1, 27.1, 17.5, 16.8. HRMS (ESI) m/z 
Calcd for [C17H20N, M+H]
+
: 238.1590; Found: 238.1587. 
Optical Rotation: [α]26D = -38.2 (0.5, CHCl3). 96% ee (major isomer), 99% ee 
(minor isomer). (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, 
flow rate = 0.5 ml/min, wavelength = 254 nm, tR1 = 7.31 min for minor isomer, tR2 = 
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Colorless oil, 86% yield, 81:19 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.29 (d, J = 8.4 Hz, 0.21H), 7.21 (t, J = 8.0 Hz, 2H), 7.13 (d, J = 
8.3 Hz, 1H), 6.82 (s, 1H), 6.78 – 6.70 (m, 2H), 6.69 (d, J = 7.5 Hz, 0.46H), 6.66 (d, J 
= 7.8 Hz, 2H), 3.81 (s, 3H), 3.80 – 3.73 (m, 1H), 3.45 (qd, J = 5.0, 3.5, 2.6 Hz, 1H), 
3.01 (dt, J = 16.2, 8.1 Hz, 1H), 2.96 – 2.91 (m, 0.19H), 2.87 (ddd, J = 14.0, 8.9, 4.9 
Hz, 1H), 2.32 (dq, J = 13.8, 9.1 Hz, 1H), 2.26 – 2.18 (m, 0.25H), 2.02 (ddt, J = 13.1, 
8.8, 4.5 Hz, 1H), 1.97 (d, J = 6.4 Hz, 0.16H), 1.13 (d, J = 6.4 Hz, 3H).
 13
C NMR (126 
MHz, CDCl3): δ 159.0, 147.4, 146.5, 146.4, 136.2, 135.5, 129.3, 125.4, 125.0, 117.0, 
113.4, 113.2, 112.1, 112.0, 109.9, 109.8, 55.3, 51.4, 48.4, 48.3, 32.0, 31.7, 28.5, 27.8, 
17.4. HRMS (ESI) m/z Calcd for [C18H22NO, M+H]
+
: 268.1696; Found: 268.1694. 
Optical Rotation: [α]24D = -52.0 (0.7, CHCl3). 97% ee (major isomer), 97% ee 
(minor isomer). (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, 




flow rate = 0.5 ml/min, wavelength = 254 nm, tR1 = 9.77 min for minor isomer, tR2 = 






Colorless oil, 78% yield, 75:25 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.30 (d, J = 8.1 Hz, 0.30H), 7.24 – 7.17 (m, 3H), 7.17 – 7.09 (m, 
2H), 6.75 – 6.70 (m, 1H), 6.67 (d, J = 8.6 Hz, 0.51H), 6.64 (d, J = 8.4 Hz, 2H), 3.87 
(p, J = 6.4 Hz, 0.33H), 3.78 (p, J = 6.3 Hz, 1H), 3.63 (s, 1H), 3.55 – 3.41 (m, 1H), 
3.00 (dt, J = 16.5, 8.1 Hz, 1H), 2.95 – 2.92 (m, 0.30H), 2.90 – 2.83 (m, 1H), 2.40 – 
2.26 (m, 1H), 2.24 – 2.16 (m, 0.36H), 2.08 – 1.91 (m, 1H), 1.12 (d, J = 6.6 Hz, 1H), 
1.10 (d, J = 6.5 Hz, 3H). 
13
C NMR (125 MHz, CDCl3): δ 147.1, 147.0, 146.8, 142.9, 
142.0, 132.5, 132.4, 129.4, 126.4, 126.2, 125.9, 125.4, 124.8, 124.7, 117.5, 117.2, 
113.5, 113.2, 52.2, 51.2, 48.6, 48.3, 31.7, 31.5, 28.2, 27.4, 17.3, 16.9. HRMS (ESI) 
m/z Calcd for [C17H19ClN, M+H]
+
: 272.1201; Found: 272.1207. 
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Optical Rotation: [α]26D = -56.1 (0.5, CHCl3). 98% ee (major isomer), 97% ee 
(minor isomer). (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, 
flow rate = 1.0 ml/min, wavelength = 254 nm, tR1 = 9.57 min for minor isomer, tR2 = 





Colorless oil, 83% yield, 81:19 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.31 – 7.25 (m, 2H), 7.20 (d, J = 7.6 Hz, 1H), 7.12 (s, 1H), 7.08 (d, 
J = 7.4 Hz, 1H), 6.78 (t, J = 7.7 Hz, 1H), 6.72 (d, J = 7.8 Hz, 2H), 4.00 (tt, J = 6.6, 
3.3 Hz, 0.21H), 3.85 (p, J = 6.3 Hz, 1H), 3.73 (s, 1H), 3.59 (dd, J = 9.0, 4.9 Hz, 
0.31H), 3.53 (dt, J = 9.2, 4.8 Hz, 1H), 3.05 (dt, J = 16.1, 8.1 Hz, 1H), 2.98 (dd, J = 
9.0, 6.1 Hz, 0.20H), 2.96 – 2.86 (m, 1H), 2.43 (s, 1H), 2.40 (s, 3H), 2.39 – 2.32 (m, 
1H), 2.29 – 2.20 (m, 0.28H), 2.08 (ddt, J = 13.0, 8.7, 4.5 Hz, 1H), 2.04 – 1.96 (m, 
0.19H), 1.20 (d, J = 6.5 Hz, 3H). 
13
C NMR (126 MHz, CDCl3): δ 147.4, 144.4, 143.6, 
141.9, 141.8, 135.7, 135.4, 129.3, 127.6, 127.6, 125.6, 125.0, 124.3, 124.2, 117.1, 




116.9, 113.4, 113.2, 52.1, 51.2, 49.1, 48.8, 31.4, 31.1, 28.3, 27.1, 21.3, 17.5, 16.6. 
HRMS (ESI) m/z Calcd for [C18H22N, M+H]
+
: 252.1747; Found: 252.1746. 
Optical Rotation: [α]26D = -23.3 (0.6, CHCl3). 98% ee (major isomer) and 98% ee 
(minor isomer). (HPLC condition: Chiralcel OJ-H column, n-hexane/i-PrOH = 99:1, 
flow rate = 1.0 ml/min, wavelength = 254 nm, tR1 = 13.46 min for minor isomer, tR2 = 






Colorless oil, 76% yield, 95:5 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.25 – 7.15 (m, 3H), 6.78 (s, 1H), 6.72 (t, J = 7.3 Hz, 1H), 6.65 (d, 
J = 8.0 Hz, 2H), 3.86 – 3.77 (m, 4H), 3.67 (s, 1H), 3.52 (dt, J = 9.1, 4.7 Hz, 1H), 2.95 
(dt, J = 16.0, 8.0 Hz, 1H), 2.88 – 2.73 (m, 1H), 2.33 (dq, J = 13.1, 8.8 Hz, 1H), 2.00 
(ddt, J = 13.0, 8.7, 4.4 Hz, 1H), 1.11 (d, J = 6.5 Hz, 3H). 
13
C NMR (125 MHz, 
CDCl3): δ 153.5, 147.2, 143.2, 137.6, 129.4, 125.8, 121.0, 117.3, 113.2, 109.1, 56.3, 
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51.4, 48.6, 30.8, 28.4, 17.3. HRMS (ESI) m/z Calcd for [C18H21ClNO, M+H]
+
: 
302.1306; Found: 302.1314. 
Optical Rotation: [α]25D = 17.2 (0.6, CHCl3). 99% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 99:1, flow rate = 0.5 ml/min, wavelength = 254 





Colorless oil, 81% yield, 83:17 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.22 (t, J = 7.9 Hz, 2H), 7.16 (d, J = 8.1 Hz, 1H), 6.96 (s, 0.17H), 
6.81 (s, 1H), 6.78 (dd, J = 8.1, 2.2 Hz, 1H), 6.73 (t, J = 6.9 Hz, 1H), 6.67 (d, J = 7.7 
Hz, 2H), 3.85 – 3.82 (m, 1H), 3.81 (s, 1H), 3.79 (s, 3H), 3.52 (dt, J = 9.3, 4.7 Hz, 1H), 
2.98 (dt, J = 16.0, 8.1 Hz, 1H), 2.91 (dd, J = 8.9, 6.0 Hz, 0.16H), 2.89 – 2.77 (m, 1H), 
2.42 – 2.27 (m, 1H), 2.26 – 2.17 (m, 0.22H), 2.03 (ddt, J = 13.2, 8.8, 4.5 Hz, 1H), 
1.14 (d, J = 6.4 Hz, 3H). 
13
C NMR (126 MHz, CDCl3): δ 158.4 , 147.3 , 144.9 , 
129.3 , 124.9 , 117.1 , 113.3 , 112.5 , 110.7 , 55.4 , 51.4 , 49.0 , 30.7 , 28.6 , 17.4. 
HRMS (ESI) m/z Calcd for [C18H22NO, M+H]
+
: 268.1696; Found: 268.1702.  




Optical Rotation: [α]24D = -47.0 (0.6, CHCl3). 98% ee (major isomer), 98% ee 
(minor isomer). (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 99:1, 
flow rate = 0.5 ml/min, wavelength = 254 nm, tR1 = 16.81 min for minor isomer, tR2 = 





Colorless oil, 40% yield, >95:5 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.28 (d, J = 8.6 Hz, 1H), 7.14 (t, J = 7.7 Hz, 2H), 6.66 (t, J = 7.4 Hz, 
1H), 6.59 (dd, J = 13.3, 8.2 Hz, 3H), 3.97 – 3.86 (m, 1H), 3.84 (s, 3H), 
3.71 (dt, J = 8.5, 3.7 Hz, 1H), 3.02 (dt, J = 16.7, 8.4 Hz, 1H), 2.87 (ddd, J = 16.7, 9.7, 
4.0 Hz, 1H), 2.38 – 2.26 (m, 1H), 1.99 (ddt, J = 13.3, 8.9, 4.1 Hz, 1H), 1.06 (d, J = 
6.5 Hz, 3H). 
13
C NMR (126 MHz, CDCl3): δ 155.6, 147.5, 146.9, 132.9, 130.9, 129.2, 
117.0, 113.5, 111.1, 110.5, 55.5, 52.6, 49.9, 33.8, 28.1, 17.2. HRMS (ESI) m/z Calcd 
for [C18H21BrNO, M+H]
+
: 346.0801; Found: 346.0805.  
 PHD DISSERTATION 2016  RONG ZIQIANG 
107 
 
Optical Rotation: [α]24D = -88.0 (0.4, CHCl3). 98% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 99:1, flow rate = 1.0 ml/min, wavelength = 254 






Colorless oil, 73% yield, 94:6 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.20 (s, 1H), 6.89 – 6.73 (m, 3H), 6.45 – 6.43 (m, 1H), 3.82 (s, 3H), 
3.76 (s, 3H), 3.55 – 3.37 (m, 1H), 2.93 (dt, J = 15.7, 7.9 Hz, 1H), 
2.86 – 2.70 (m, 1H), 2.38 – 2.20 (m, 1H), 1.99 (ddt, J = 13.2, 8.8, 4.5 Hz, 1H), 1.08 (d, 
J = 6.4 Hz, 3H). 
13
C NMR (126 MHz, CDCl3): δ 153.5, 143.3, 137.7, 125.8, 121.0, 
115.0, 109.1, 56.3, 55.8, 30.8, 28.3. HRMS (ESI) m/z Calcd for [C19H23ClNO2, 
M+H]
+
: 332.1412; Found: 332.1414. 
Optical Rotation: [α]25D = -88.0 (0.7, CHCl3). 96% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 90:10, flow rate = 1.0 ml/min, wavelength = 254 
nm, tR = 7.43 min for minor isomer, tR = 10.54 min for major isomer).  









Colorless oil, 81% yield, 94:6 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.22 (s, 1H), 7.02 (d, J = 8.0 Hz, 2H), 6.79 (s, 1H), 6.58 (d, J = 8.3 
Hz, 2H), 3.83 (s, 3H), 3.81 – 3.70 (m, 1H), 3.52 (dt, J = 9.1, 4.5 Hz, 
1H), 3.37 (s, 1H), 2.94 (dt, J = 16.0, 8.1 Hz, 1H), 2.87 – 2.75 (m, 1H), 2.38 – 2.29 (m, 
1H), 2.27 (s, 3H), 1.99 (ddt, J = 13.1, 8.7, 4.4 Hz, 1H), 1.09 (d, J = 6.6 Hz, 3H). 
13
C 
NMR (126 MHz, CDCl3): δ 153.5, 144.8, 143.3, 137.7, 129.9, 126.6, 125.8, 121.0, 
113.6, 109.1, 56.3, 51.8, 48.6, 48.6, 30.8, 28.4, 20.3, 17.3. HRMS (ESI) m/z Calcd 
for [C19H23ClNO, M+H]
+
: 316.1463; Found: 316.1466.  
Optical Rotation: [α]25D = -86.3 (0.7, CHCl3). 96% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 99:1, flow rate = 1.0 ml/min, wavelength = 254 
nm, tR = 10.57 min for minor isomer, tR = 17.34 min for major isomer).  








Colorless oil, 83% yield, 94:6 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.20 (s, 1H), 7.12 (d, J = 8.7 Hz, 2H), 6.72 (s, 1H), 6.55 (d, J = 8.6 
Hz, 2H), 3.80 (s, 3H), 3.76 – 3.71 (m, 1H), 3.47 (dt, J = 9.2, 4.7 Hz, 
1H), 2.92 (dt, J = 15.9, 8.0 Hz, 1H), 2.80 (ddd, J = 15.9, 9.3, 4.6 Hz, 1H), 2.31 (dtd, J 
= 13.2, 9.0, 7.3 Hz, 1H), 1.96 (ddt, J = 13.2, 8.8, 4.6 Hz, 1H), 1.09 (d, J = 6.5 Hz, 3H). 
13
C NMR (126 MHz, CDCl3): δ 153.6, 145.7, 143.0, 137.7, 129.2, 125.9, 122.0, 
121.3, 114.4, 109.0, 56.3, 51.7, 48.7, 30.8, 17.4. HRMS (ESI) m/z Calcd for 
[C18H20Cl2NO, M+H]
+
: 336.0916; Found: 336.0918. 
Optical Rotation: [α]23D = -96.9 (0.4, CHCl3). 96% ee. (HPLC condition: Chiralcel 
AS-H column, n-hexane/i-PrOH = 99:1, flow rate = 1.0 ml/min, wavelength = 254 nm, 
tR = 13.07 min for minor isomer, tR = 21.45 min for major isomer).  









Colorless oil, 82% yield, 94:6 dr. 
1
H NMR (500 MHz, CDCl3): δ 
7.57 (d, J = 7.6 Hz, 2H), 7.48 (d, J = 8.4 Hz, 2H), 7.41 (t, J = 7.6 
Hz, 2H), 7.28 (t, J = 7.3 Hz, 1H), 7.24 (s, 1H), 6.81 (s, 1H), 6.73 (d, 
J = 7.3 Hz, 2H), 3.94 – 3.78 (m, 4H), 3.55 (dt, J = 8.9, 4.5 Hz, 1H), 2.96 (dt, J = 16.0, 
8.0 Hz, 1H), 2.87 – 2.77 (m, 1H), 2.35 (ddd, J = 16.7, 13.3, 9.0 Hz, 1H), 2.02 (ddt, J 
= 13.1, 8.7, 4.4 Hz, 1H), 1.14 (d, J = 6.5 Hz, 3H). 
13
C NMR (126 MHz, CDCl3): δ 
153.57, 143.14, 137.67, 128.61, 128.06, 126.18, 126.07, 125.87, 121.15, 113.59, 
109.15, 56.31, 51.57, 48.74, 30.83, 28.38, 17.40. HRMS (ESI) m/z Calcd for 
[C24H25ClNO, M+H]
+
: 378.1619; Found: 378.1626.  
Optical Rotation: [α]23D = +63.7 (0.9, CHCl3). 97% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 99:1, flow rate = 1.0 ml/min, wavelength = 254 
nm, tR = 24.69 min for minor isomer, tR =59.56 min for major isomer).  








Colorless oil, 72% yield, 94:6 dr. 
1
H NMR (500 MHz, CDCl3): 
δ 7.20 (s, 1H), 7.09 (t, J = 8.1 Hz, 1H), 6.77 (s, 1H), 6.26 (ddd, J 
= 16.0, 8.1, 2.3 Hz, 2H), 6.20 (t, J = 2.3 Hz, 1H), 3.82 (s, 3H), 
3.78 (s, 3H), 3.77 – 3.73 (m, 1H), 3.51 (dt, J = 9.0, 4.6 Hz, 1H), 2.93 (dt, J = 16.0, 8.1 
Hz, 1H), 2.85 – 2.71 (m, 1H), 2.31 (dtd, J = 13.2, 9.1, 7.5 Hz, 1H), 1.97 (ddt, J = 13.1, 
8.7, 4.4 Hz, 1H), 1.09 (d, J = 6.5 Hz, 3H).
 13
C NMR (126 MHz, CDCl3): δ 161.0, 
153.5, 148.5, 143.2, 137.7, 130.1, 125.8, 121.1, 109.2, 106.6, 102.3, 99.5, 56.3, 55.1, 
51.6, 48.7, 30.9, 28.4, 17.3 HRMS (ESI) m/z Calcd for [C19H23ClNO2, M+H]
+
: 
332.1412; Found: 332.1413.  
Optical Rotation: [α]24D = +72.5 (0.3, CHCl3). 98% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 91:10, flow rate = 1.0 ml/min, wavelength = 254 
nm, tR = 14.14 min for minor isomer, tR = 18.16 min for major isomer).  








Colorless oil, 61% yield, 
1
H NMR (500 MHz, CDCl3): δ7.18 (s, 
1H), 6.81 (s, 1H), 3.87 (s, 3H), 3.41 (qd, J = 6.5, 3.8 Hz, 1H), 
3.15 (td, J = 7.7, 3.7 Hz, 1H), 2.89 – 2.74 (m, 2H), 2.10 (dtd, J 
= 12.8, 8.6, 5.4 Hz, 1H), 1.99 (ddd, J = 13.0, 9.0, 6.6 Hz, 1H), 1.13 (d, J = 6.6 Hz, 
3H).
 13
C NMR (126 MHz, CDCl3): δ153.7, 144.3, 137.6, 125.9, 120.8, 107.9, 56.3, 
52.1, 48.6, 30.8, 25.2, 21.1. HRMS (ESI) m/z Calcd for [C12H16ClNO, M+H]
+
: 
226.0993; Found: 226.0992. Optical Rotation: [α]23D = +36.3 (0.4, CHCl3).  
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3.4.6 X-ray crystallographic analysis and determination of configuration of 
the products 3-6e. 
 
Table 3.3 Crystal data and structure refinement for 3-6e 
Identification code  f532 
Empirical formula  C18 H21 Cl2 N O 
Formula weight  338.26 
Temperature  100(2) K 
Wavelength  0.71073 Å 
Crystal system  Monoclinic 
Space group  P21 
Unit cell dimensions a = 7.6233(4) Å = 90°. 
 b = 7.8881(4) Å = 91.9018(16)°. 
 c = 13.5115(7) Å  = 90°. 




Volume 812.04(7) Å3 
Z 2 
Density (calculated) 1.383 Mg/m3 
Absorption coefficient 0.401 mm-1 
F(000) 356 
Crystal size 0.539 x 0.466 x 0.162 mm3 
Theta range for data collection 2.673 to 28.277°. 
Index ranges -9<=h<=10, -10<=k<=10, -17<=l<=18 
Reflections collected 20317 
Independent reflections 4039 [R(int) = 0.0497] 
Completeness to theta = 25.242° 99.9 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.7459 and 0.6439 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4039 / 1 / 209 
Goodness-of-fit on F2 1.065 
Final R indices [I>2sigma(I)] R1 = 0.0247, wR2 = 0.0644 
R indices (all data) R1 = 0.0259, wR2 = 0.0652 
Absolute structure parameter -0.013(18) 
Extinction coefficient n/a 
Largest diff. peak and hole 0.257 and -0.234 e.Å-3 
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Chapter 4 Enantioselective Oxidation Of 1,2-Diols With 
Quinine-Derived Urea Organocatalyst 
 
4.1 Introduction 
Enantioselective transformation of alcohol substrates is of great importance to 
current medicinal chemistry. Our group is very interested in this area and we have 
successfully developed catalytic enantioselective amination of alcohols by the use of 
borrowing hydrogen methodology to deliver some valuable chiral amines. Besides 
these chiral amines, enantioenriched alcohols generally exist in the structures are also 
very important materials for the synthesis of natural products and pharmaceuticals.
1
 
Hence, the development of efficient methods for the synthesis of these moleculars is 
highly desirable. Enantioselective oxidation of alcohols based on kinetic resolution of 
racemic alcohols or desymmetrization of meso-diols have proven to be one of the 
most useful method to access valuable enantioenriched alcohols.
2
  
To date, the different catalytic strategies for enantioselective oxidation have been 
developed, offering corresponding chiral alcohols with highly enantioselectivity. 
However, almost all the efficient and highly stereoselective systems were based on 
transition-metal catalysis. Due to high cost and toxicity of the metals, and stringent 
                                                 
1 a) Carreira, E. M.; Kvaerno, L. Classics in Stereoselective Synthesis; Wiley-VCH: Weinheim, Germany, 2009; b) 
Corey, E. J.; Kurti, L. Enantioselective Chemical Synthesis: Methods, Logic, and Practice; Academic Press: New 
York, 2014; c) Lumbroso, A.; Cooke, M. L.; Breit, B. Angew. Chem., Int. Ed. 2013, 52, 1890−1932; d) Rouf, A.; 
Taneja, S. C. Chirality 2014, 26, 63−78. 
2 a) Willis, M. C. J. Chem. Soc. Perkin Trans. 1999, 1, 1765–1784. (b) Keith, J. M.; Larrow, J. F.; Jacobsen, E. N. 
Adv. Synth. Catal. 2001, 343, 5–26. (c) E. Vedejs, M. Jure, Angew. Chem. Int. Ed. 2005, 44, 3974–4001. (d) 
Pellissier, H. Adv. Synth. Catal. 2011, 353, 1613–1666. (e) Díaz-de-Villegas, M. D.; Gálvez, J. A.; Badorrey, R.; 
López-Ram-de-Víu, M. P. Chem. Eur. J. 2012, 18, 13920–13935. 




reaction conditions, the development of green and environment-friendly methods for 
the synthesis of chiral alcohols has been remarkably attractive in the organic synthesis. 
In the following parts, enantioselective oxidation of alcohols will be reviewed based 
on reaction types, which are oxidative kinetic resolution of racemic alcohols and 
desymmetrization of meso-diols. 
4.1.1 Enantioselective oxidative kinetic resolution of Alcohols  
The oxidative kinetic resolution (OKR) of racemic secondary alcohols by the use 
of asymmetric catalysts has emerged as a powerful approach to access chiral alcohols. 
Compared to conventional kinetic resolusion for the synthesis of chiral alcohols, the 
OKR present complementary on the substrate scope especially to substrates with 
multiple stereogenic centers. Over the past decades, remarkable protocols involved 
different catalytic systems have been established in the enantioselective oxidative 
kinetic resolution of racemic secondary alcohols.
3
 
4.1.1.1 Organocatalysts-promoted oxidative kinetic resolusion 
A pioneering work was reported by Rychnovsky in 1996, where 1 mol % 
nitroxide catalyst (-)-(S)-4-1 as a nonenzymatic catalyst catalyzed one efficient, 
enantioselective oxidation of secondary alcohols (Scheme 4.1).
4
 The simple benzylic 
alcohols were resolved to good enantiomeric excess with the S values range from 3.9 
                                                 
3 a) Kagan, H. B.; Flaud, J. C. Top. Stereochem. 1988, 18, 249−330; b) Keith, J. M.; Larrow, J. F.; Jacobsen, E. N. 
Adv. Synth. Catal. 2001, 343, 5−26; c) Robinson, D.; Bull, S. D. Tetrahedron: Asymmetry 2003, 14, 1407−1446; d) 
Jarvo, E. R.; Miller S. J. in Comprehensive Asymmetric Catalysis, Suppl. 1 (Eds.: E. N. Jacobsen, A. Pfaltz, H. 
Yamamoto), Springer, Berlin, 2004, pp. 189-206; e) Vedejs, E.; Jure, M. Angew. Chem., Int. Ed. 2005, 44, 3974− 
4001; f) Moore, J. C.; Pollard, D. J.; Kosjek, B.; Devine, P. N. Acc. Chem. Res. 2007, 40, 1412−1419; g) Wills, M. 
Angew. Chem., Int. Ed. 2008, 47, 4264−4267; h) Lee, J. H.; Han, K.; Kim, M. J.; Park, J. Eur. J. Org. Chem. 2010, 
999−1015; i) Müller, C. E.; Schreiner, P. R. Angew. Chem., Int. Ed. 2011, 50, 6012−6042; i) Pellissier, H. Adv. 
Synth. Catal. 2011, 353, 1613−1666; j) Garcia, A. E.; Kündig, E. P. Chem. Soc. Rev., 2012, 41, 7803–7831. 
4 Rychnovsky, S. D.; McLernon, T. L.; Rajapakse, H. J. Org. Chem. 1996, 61, 1194-1195. 
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to 7.1. In addition, alkynyl alcohols were also tolerated under this condition albeit 
with modest selectivity.  
 
Scheme 4.1 Chiral TEMPO catalyzed OKC reported by Rychnovsky and coworkers 
In 1999, Kashiwagi and coworkers demonstrated the first electrochemical 
method for the enantioselective oxidative kinetic resolusion of racemic secondary 
alcohols using a chiral nitroxyl radical 4-2 (Scheme 4.2).
5
 On the basis of 
2,6-1utidine, serving as deprotonating agent, the oxidative kinetic resolusion was 
carried out using graphite electrode, and the (R)-l-phenylethanol was obtained in good 
enantioselectivity and moderate S value (S = 4.6). Later on, Tanaka and coworkers 
reported another application of this electrolytic strategy. In the presence of 
Rychnovsky’s N-oxyl radical, the similar electrolytic oxidation proceeded smoothly 




                                                 
5 Kashiwagi, Y.; Kurashima, F.; Kikuchi, C.; Anzai, J.-i.; Osa, T.; Bobbitt, J. M. Tetrahedron Lett. 1999, 40, 
6469-6472. 
6 Kuroboshi, M.; Yoshihisa, H.; Cortona, M. N.; Kawakami, Y.; Gao, Z.; Tanaka, H. Tetrahedron Lett. 2000, 41, 
8131-8135. 





Scheme 4.2 Chiral nitroxyl radical catalyzed OKC reported by Kashiwagi and coworkers 
Osa group also demonstrated an enantioselective electrocatalytic oxidation of 
racemic alcohols by using TEMPO-modified graphite electrode (Scheme 4.3).
7
 
Utilizing a chiral nitroxyl radical and chiral diamine (–)-sparteine (4-3), highly 
enantioenriched alcohol was recovered. During this electrochemical resolution 
process, chiral diamine (–)-sparteine act as a chiral base to deprotonate alcohols. 
 
Scheme 4.3 Nitroxyl oxidation with a chiral base reported by Osa and coworkers 
Onomura and co-workers developed two new less-hindered azabicyclic type of 
catalysts (4-4 and 4-5) prepared from α-amino acids, which was effective for 
enantioselective electrocatalytic kinetic resolusion of (±)-1-(2-Methylphenyl)ethanol 
to afford crrosponding sec-alcohol with good selectivity (Scheme 4.4).
8
 
                                                 
7 Kashiwagi, Y.; Yanagisawa, Y.; Kurashima, F.; Anzai, J.-i.; Osa, T.; Bobbitt, J. M. Chem. Commun. 1996, 
2745-2746. 
8 a) Shiigi, H.; Mori, H.; Tanaka, T.; Demizu, Y.; Onomura, O. Tetrahedron Lett. 2008, 49, 5247−5251; b) 
Demizu, Y.; Shiigi, H.; Mori, H.; Matsumoto, K.; Onomura, O. Tetrahedron: Asymmetry 2008, 19, 2659−2665. 




Scheme 4.4 Chiral nitroxyl radical catalyzed OKC reported by Onomura and coworkers 
In 2014, Kawabata group reported another new chiral nitroxyl radical 4-6, which 
was proven to be especially effective for the enantioselctive oxidation of tert-butyl 




Scheme 4.5 Chiral nitroxyl radical catalyzed OKC reported by Kawabata and coworkers 
Very recently, Iwabuchi and coworkers designed and developed a novel chiral 
alkoxyamine named 7-benzyl-3-n-butyl-4-oxa-5-azahomoadamantane (4-7), which 
was turned out to be an effective type of precatalysts for highly enantioselective 
oxidative kinetic resolution of secondary alcohols (Scheme 4.6).
10
 Various high 
enantioenriched chiral aliphatic secondary alcohols would be obtained with excellent 
selectivity though this resolusion process (s up to 296). Notely, the chlorine atom 
                                                 
9 Hamada, S.; Wada, Y.; Sasamori, T.; Tokitoh, N.; Furura, T.; Kawabata, T. Tetrahedron Lett. 2014, 55, 
1943−1945. 
10 Murakami, K.; Sasano, Y.; Tomizawa, M.; Shibuya, M.; Kwon, E.; Iwabuchi, Y. J. Am. Chem. Soc. 2014, 136, 
17591− 17600. 




from TCCA can incorporate with chiral alkoxyamine to form chlorine-containing 
oxoammonium species 4-8. This species plays a crucial role for high reactivity and 
enantioselectivity. 
 
Scheme 4.6 Enantioselective OKR of secondary alcohols using chiral alkoxyamines 
4.1.1.2 Transition-metal catalyzed oxidative kinetic resolusion under transfer 
hydrogenation conditions 
One early success in the field of enantioselective alcohol oxidation by the use of 
transition metal came from Ohkubo and co-workers (Scheme 4.7).
11
 In 1976, the 
oxidative kinetic resolution of a secondary alcohol catalyzed by a ruthenium catalyst 
with menthol-derived phosphine (4-9) as the ligand was introduced. Although the 
extremely low levels of enantioselectivity, this method open the way for the 
enantioselective oxidation of alcohols by transfer hydrogenation. Later on, Saburi and 
Yoshikawa developed an oxidative desymmetrization of a meso-diol by transfer 
hydrogenation. This allows the use of a rhodium hydride species with bisphosphine 
(–)-DIOP as a chiral ligand for the construction of lactone with modest selctivtity.12 
                                                 
11
 Ohkubo, K.; Hirata, K.; Yoshinaga, K.; Okada, M. Chem. Lett. 1976, 183-184. 
12 Ishii, Y.; Suzuki, K.; Ikariya, T.; Saburi, M.; Yoshikawa, S. J. Org. Chem. 1986, 51, 2822-2824. 




Scheme 4.7 Ruthenium catalyzed oxidation of alcohols by transfer hydrogenation 
In 1997, Noyori and coworkers described a novel oxidative kinetic resolution of 
racemic secondary alcohols to acess chiral alcohols with high selectivity (s factors for 
some alcohols above 100) (Scheme 4.8). The eccellent selectivity benefited from the 




Scheme 4.8 Ruthenium-catalyzed transfer hydrogenation 
Similar to above-mentioned ruthenium-based systems, Gao and coworkers found 
that chiral diaminodiphosphine−Ir(I) complexes 4-11 also can efficiently catalyze the 
OKR of benzylic alcohols under transfer hydrogenation conditions, during which 
(±)-1-Phenylethanol ((±)-25) could be resolved to excellent enantioselectivity with 
acetone as stoichiometric oxidant (Scheme 4.9).
14
  
                                                 
13 Hashiguchi, S.; Fujii, A.; Haack, K.-J.; Matsumura, K.; Ikariya, T.; Noyori, R. Angew. Chem., Int. Ed. 1997, 36, 
288-289. 
14 Li, Y.-Y.; Zhang, X.-Q.; Dong, Z.-R.; Shen, W.-Y.; Chen, G.; Gao, J.-X. Org. Lett. 2006, 8, 5565-5567. 





Scheme 4.9 Iridium-catalyzed transfer hydrogenation 
4.1.1.3 Enantioselective aerobic oxidation of alcohols using molecular oxygen as 
the terminal oxidant 
Besides transfer hydrogenation strategy for enantioselective OKR, 
enantioselective aerobic oxidation of alcohols has been recognized as another efficient 
method to produce chiral acohols due to the favorable economics associated with 
molecular oxygen. The earliest example about asymmetric aerobic oxidation of 
alcohols was reported by Katsuki and coworkers (Scheme 4.10).
15
 This study showed 
that ruthenium complex 4-12 was a powerful catalyst for the highly enantioselective 
OKR with the use of molecular oxygen from dry air as the terminal oxidant. It is 
worth noting that photolysis conditions play an important role in obtaining high 
enantioselectivity.  
 
Scheme 4.10 Ruthenium-catalyzed aerobic enantioselective alcohol oxidation 
                                                 
15 Masutani, K.; Uchida, T.; Irie, R.; Katsuki, T. Tetrahedron Lett. 2000, 41, 5119-5123. 
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By using palladium complex together with molecular oxygen, enantioselective 
aerobic oxidation of alcohols was independently developed by Sigman, Stoltz and 
their co-workers in 2001 (Scheme 4.11). Sigman and co-workers
16
 found that 
(-)-sparteine/Pd(II) catalyst (Pd(OAc)2 or Pd(MeCN)2Cl2) system can catalyze the 
oxidative kinetic resolution of secondary alcohols to resolved corresponding aclcohols 
with high s factors. Almost simultaneously, Stoltz and co-workers
17
 reported one 
very similar catalytic system for the same oxidative kinetic resolution of secondary 
alcohols. In the presence of 5 mol% Pd(nbd)Cl2 and 20 mol% (-)-sparteine, treatment 
of (±)-1-Phenylethanol with 1 atm O2 afforded resolved alcohol with a selectivity 
factor of 23.1.  
 
Scheme 4.11 Palladium-catalyzed aerobic enantioselective alcohol oxidation 
Different from previous reports, Toste and coworkers firstly describe 
vanadium-catalyzed enantioselective aerobic alcohol oxidation with molecular 
oxygen as a stoichiometric oxidant.
18
 In the presence of 5 mol % VO(Oi-Pr)3, 5.5 
mol % ligand 4-13, the aerobic oxidation proceeded smoothly with high selectivity 
under 1 atm O2, leading the corresponding (R)-ethyl mandelate in 99% ee. Notably, 
the substrates bearing proximal olefins, which are allylic and homoallylic alcohols, 
                                                 
16 Jensen, D. R.; Pugsley, J. S.; Sigman, M. S. J. Am. Chem. Soc. 2001, 123, 7475–7476. 
17 Ferreira, E. M.; Stoltz, B. M. J. Am. Chem. Soc. 2001, 123, 7725–7726. 
18 Radosevich, A. T.; Musich, C.; Toste, F. D. J. Am. Chem. Soc. 2005, 127, 1090-1091. 




demonstrated excellent chemoselectivity for alcohol oxidation over olefin epoxidation 
during the process of oxidative kinetic resolusion (Scheme 4.12). Moreover, 
α-hydroxy esters bearing multiple stereocenters can also be tolerated very well under 
optimal conditions. In oeder to show the applicability of this chemistry, Toste and 




Scheme 4.12 Toste’s work on vanadium-catalyzed aerobic enantioselective alcohol oxidation 
Chen subsequently employed chiral vanadyl (V) methoxides as catalyst to 
achieve kinetic resolution process for R-hydroxyphosphonates.
20
 The chiral vanadyl 
complex bearing N-salicylidene-r-aminocarboxylates 4-14 was turned out to be an 
effective catalyst for the highly steroselective aerobic oxidations at ambient 
temperature. Further development of chiral vanadyl (V) complex led to high 
selectivity in the aerobic oxidative kinetic resolusion of α-hydroxyesters, 
α-hydroxyamides and α-hydroxy-ketones.21  
Moreover, chiral vanadium clusters instead of complex 4-15 could resolve 
S-t-butyl α-hydroxythioesters with extremely high selectivity in some cases.22 
                                                 
19 Radosevich, A. T.; Chan, V. S.; Shih, H.-W.; Toste, F. D. Angew. Chem., Int. Ed. 2008, 47, 3755-3758. 
20 Pawar, V. D.; Bettigeri, S.; Weng, S.-S.; Kao, J.-Q.; Chen, C.-T. J. Am. Chem. Soc. 2006, 128, 6308-6309. 
21 Weng, S.-S.; Shen, M.-W.; Kao, J.-Q.; Munot, Y. S.; Chen, C.-T. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 
3522-3527. 
22 Chen, C.-T.; Bettigeri, S.; Weng, S.-S.; Pawar, V. D.; Lin, Y.-H.; Liu, C.-Y.; Lee, W.-Z. J. Org. Chem. 2007, 
72, 8175-8185. 




Scheme 4.13 Chen’s work on vanadium-catalyzed aerobic alcohol oxidation 
In 2008, Ikariya and coworkers demonstrated another iridium catalyst for 
catalytic enantioselective oxidation of secondary alcohols with air as the terminal 
oxidant. The chiral bifunctional amido complex 4-16, which bearing an 
N-methanesulfonylated diamine ligand, was found to be optimal for the selectivity 
(Scheme 4.14).
23
 (±)-1-Phenylethanol was able to be resolved to high enantiomeric 
excess with excellent s factor.  
 
Scheme 4.14 Iridium-catalyzed aerobic oxidation developed by Ikariya and coworkers 
                                                 
23 Arita, S.; Koike, T.; Kayaki, Y.; Ikariya, T. Angew. Chem., Int. Ed. 2008, 47, 2447-2449. 





Scheme 4.15 Katsuki’s work on iron-catalyzed enantioselective aerobic alcohol oxidation 
In 2009, Sekar and coworkers
24
 accomplished an efficient, economic and 
environmentally friendly enantioselective oxidative kinetic resolusion of racemic 
α-hydroxy ketones (Scheme 4.15). In the presence of chiral iron complex, α-hydroxy 
ketones could be resolved to excellent enantiomeric excess with good selectivity by 
the use of molecular oxygen as a terminal oxidant. It is note that the introduction of 5 
mol% TEMPO is beneficial for both activity and selectivity. 
 
Scheme 4.16 Iron-catalyzed enantioselective aerobic alcohol oxidation 
Very recently, Katsuki and coworkers disclosed an iron-catalyzed 
enantioselective oxidative of sec-alcohols (Scheme 4.16). With di-μ-hydroxo 
iron(salan) complex 4-18, series of secondary benzylic alcohols were resolved to high 
enantiomeric excess with good selectivity (s = 19-39).
25
 Intrestingly, the introduction 
                                                 
24 Muthupandi, P.; Alamsetti, S. K.; Sekar, G. Chem. Commun. 2009, 3288–3290. 
25 Kunisu, T.; Oguma, T.; Katsuki, T. J. Am. Chem. Soc. 2011, 133, 12937−12939. 
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of a naphthoxide ligand, which can coordinate with chiral iron complex, show the 
enhanced activity and selectivity.  
4.1.1.4 Enantioselective aerobic oxidation of alcohols using PhI(OAc)2 as the 
terminal oxidant  
PhI(OAc)2 can be also severed as one good terminal oxidant instead of molecular 
oxygen in enantioselective aerobic oxidative kinetic resolution of secondary alcohols. 
Xia and coworkers demonstrated an efficient enantioselective OKR of secondary 
alcohols catalyzed by Mn(III)-salen complex 4-19 using PhI(OAc)2 as the terminal 
oxidant (Scheme 4.17).
26
 In the presence of the phase-transfer catalyst (PTC) 
tetraethylammonium bromide, this general method gave high enantioenriched 
benzylic alcohols in the resolusion process event. Fuether devoplment of reaction 
condition, a biphasic CH2Cl2/H2O medium was found to be important for high 
reactivity and selectivity (some cases can be as high as 450).
27
 In 2010, On the basis 
of the mechanism study carried out by Corey group, the Mn(III)-salen complex also 
allowed for a highly enantioselective OKR to give product with good selectivity 
utilizing N-bromosuccinimide (NBS) as the oxidant instead of PhI(OAc)2.
28
  
                                                 
26 Sun, W.; Wang, H.; Xia, C.; Li, J.; Zhao, P. Angew. Chem., Int. Ed. 2003, 42, 1042-1044. 
27 Li, Z.; Tang, Z. H.; Hu, X. X.; Xia, C. G. Chem.–Eur. J. 2005, 11, 1210-1216. 
28 Brown, M. K.; Blewett, M. M.; Colombe, J. R.; Corey, E. J. J. Am. Chem. Soc. 2010, 132, 11165-11170. 





Scheme 4.17 Xia’s manganese-catalyzed enantioselective alcohol oxidation with PhI(OAc)2 
4.1.2 Desymmetrization of meso-Diols 
Desymmetrization of meso compounds has been regarded as an efficient and 
convenient strategy for the construction of chiral alcohols over the last decade. In 
2006, Zhao group have developed one efficient method for enantioselective oxidation 
of meso-diols catalyzed with Shi’s oxazolidinone dioxiranes (Scheme 4.18). 29 
Through an analogical study of the transition states of CH oxidation and asymmetric 
epoxidation of terminal alkenes, the first dioxiranemediated catalytic highly 
enantioselective CH oxidation method was realized with Shi’s oxazolidinone ketone 
derivatives. Very good enantioselectivity (up to 92% ee) could be obtained for both 
asymmetrization of meso vic-diols and kinetic resolution of racemic vic-diols. 
 
Scheme 4.18 Enantioselective oxidations catalyzed by Shi's oxazolidinone dioxiranes 
                                                 
29 Jakka, K.; Zhao, C.-G. Org. Lett. 2006, 8, 3013. 
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In 2007, Omomura and coworkers disclosed an copper-catalyzed 
enantioselective oxdative desymmetrization of 1,2-diols with NBS as the oxidant. 
Using (R,R)-Ph-BOX as a ligand, this oxdative desymmetrization reaction allowed for 
the synthesis of α-ketoalcohols with good to high enantioselectivity (Scheme 4.19).30 
 
Scheme 4.19 Copper-catalyzed oxidative desymmetrization with NBS as the oxidant 
Recently, a novel and highly efficient one-pot approach for chiral TEMPO 
derivatives catalyzed enantioselective oxidation of meso-diols was reported by 
Schreiner and co-workers.
31
 Using multicatalyst 4-20, concurrent tandem 
desymmetrization/oxidation of meso-diols yielded the monoprotected product with 
good yield and selectivity. 
 
Scheme 4.20 Enantioselective oxidations catalyzed by chiral TEMPO derivatives 
Although excellent catalytic enantioselectivity for the oxidative 
desymmetrization of meso-diols has been achieved by using metal catalysts,
32
 
                                                 
30 Onomura, O.; Arimoto, H.; Matsumura, Y.; Demizu, Y. Tetrahedron Lett. 2007, 48, 8668. 
31 Müller, C. E.; Hrdina, R.; Wende, R. C.; Schreiner, P. R. Chem. Eur. J. 2011, 17, 6309−6314. 
32 Ru catalyst : (a) Ishii, Y.; Osakada, K.; Ikariya, T.; Saburi, M.; Yoshikawa, S. Chem. Lett. 1982, 1179–1182. (b) 
Nozaki, K.; Yoshida, M.; Takaya, H. J. Organomet. Chem. 1994, 473, 253–256. (c) Hashiguchi, S.; Fujii, A.; 






 and enzymatic methods,
34
 it is still a great challenge to achieve 
highly enantioselective oxidative desymmetrization catalyzed by organocatalysts. 
4.2 Result and Discussion 
Recently, enantioselective catalysis by the use of modified cinchona alkaloids as 
bidentate ligand or catalyst has received much attention in organocatalysis. The 
general model utilizing the highly basic quinuclidine nitrogen and another Lewis 
basic group as bidentate ligand or catalyst was illustrated in Scheme 4.21 (model A).
35
 
Moreover, highly diastereo- and enantioselective addition of allyltrichlorosilane to 
aldehydes using modified cinchona alkaloids (quinine amides 4-24b) as bidentate 
catalyst has been developed in our group.
36
 In order to extend this bidentate catalyst 
to transition-metal catalysis, our studies began with an initial examination of quinine 
amides 4-24a, 4-24b as potential bidentate ligands for Cu-catalyzed oxidative 
desymmetrization of meso-diols using 2.0 equivalent of NBS as the oxidant in CHCl3 
(Table 4.1). 
                                                                                                                                            
Haack, K.-J.; Matsumura, K.; Ikariya, T.; Noyori, R. Angew. Chem., Int. Ed. 1997, 36, 288–290. (d) Shimizu, H.; 
Nakata, K.; Katsuki, T. Chem. Lett. 2002, 2002, 1080–1081. (e) Shimizu, H.; Onitsuka, S.; Egami, H.; Katsuki, T. 
J. Am. Chem. Soc. 2005, 127, 5396–5413. (f) Nakamura, Y.; Egami, H.; Matsumoto, K.; Uchida, T.; Katsuki, T. 
Tetrahedron 2007, 63, 6383–6387. Rh catalyst: (g) Ishii, Y.; Suzuki, K.; Ikariya, T.; Saburi, M.; Yoshikawa, S. J. 
Org. Chem. 1986, 51, 2822–2824. Pd catalyst: (h) Jensen, D. R.; Pugsley, J. S.; Sigman, M. S. J. Am. Chem. Soc. 
2001, 123, 7475–7476. (i) Ferreira, E. M.; Stoltz, B. M. J. Am. Chem. Soc. 2001, 123, 7725–7726. (j) Mandal, S. 
K.; Jensen, D. R.; Pugsley, J. S.; Sigman, M. S. J. Org. Chem. 2003, 68, 4600–4603. (k) Mandal, S. K.; Sigman, M. 
S. J. Org. Chem. 2003, 68, 7535–7537. Cu catalyst: (l) Onomura, O.; Arimoto, H.; Matsumura, Y.; Demizu, Y. 
Tetrahedron Lett. 2007, 48, 8668–8672. 
33 Electrooxidation: (n) Yanagisawa, Y.; Kashiwagi, Y.; Kurashima, F.; Anzai, J.-i.; Osa, T.; Bobbitt, J. M. Chem. 
Lett. 1996, 1043–1044. (o) Tanaka, H.; Kawakami, Y.; Goto, K.; Kuroboshi, M. Tetrahedron Lett. 2001, 42, 445– 
448. 
34 For reviews, see: (p) Jones, J. B. Tetrahedron 1986, 42, 3351–3403. (q) Schoffers, E.; Golebiowski, A.; 
Johnson, C. R. Tetrahedron 1996, 52, 3769–3826. 
35 For selected reviews on cinchona alkaloid in asymmetric catalysis, see: (a) Yoon, T. P.; Jacobsen, E. N. Science 
2003, 299, 1691–1693. (b) Kacprzak, K.; Gawroñski, J. Synthesis 2001, 961–998. (c) Li, H.; Chen, Y.; Deng, L. 
Cinchona alkaloids in Privileged Chiral Ligands and Catalysts; Zhou, Q., Ed. Wiley, 2011, 361–408. 
36 Huang, Y.; Yang, L.; Shao, P.; Zhao, Y. Chem. Sci. 2013, 4, 3275–3281. 




Scheme 4.21 Different Catalysis Modes by Quinine-Amide 
As shown in Table 4.1, in the presence of NBS alone, oxidation of 4-21a 
produced the overoxidized dione 4-23a as the major product (Entry 1). Satisfyingly, 
desired monooxidized product 4-22a was obtained in high yield and selectivity (with 
<5% overoxidized dione 4-23a) with moderate level of enantioselectivity using 
Cu(OTf)2 as catalyst and 4-24a or 4-24b as ligands. This showed that the Cu-quinine 
amide complex accelerated the desired selectivity over the background reactivity 
(entries 2 and 3). To our great delight, desymmetrization of meso-diols 4-21a 
proceeded smoothly using 4-24a alone without Cu salt to yield 4-22a with an 
improved enantioselectivity of 70% (entry 4). This process has good selectivity, 
producing <5% yield of the side product 4-23a. This implies that the catalytic process 
was selective toward diol oxidation. Inspired by the work of peptidecatalyzed 
asymmetric bromination reported from the Miller group
37
 and asymmetric 
halolactonization
38
 reported from the Borhan group,
39
 the Tang group,
40
 the 
                                                 
37 (a) Gustafson, J.; Lim, D.; Miller, S. J. Science 2010, 328, 1251–1255. (b) Gustafson, J. L.; Lim, D.; Barrett, K. 
T.; Miller, S. J. Angew. Chem. Int. Ed. 2011, 50, 5125–5129. (c) Barrett, K. T.; Miller, S. J. J. Am. Chem. Soc. 
2013, 135, 2963−2966. 
38 (a) Tan, C. K.; Zhou, L.; Yeung, Y.-Y. Synlett 2011, 1335−1339. (b) Denmark, S. E.; Kuester, W. E. and Burk, 
M. T. Angew. Chem. Int. Ed. 2012, 51, 10938−10953. 
39 a) Whitehead, D. C.; Yousefi, R.; Jaganathan, A.; Borhan, B. J. Am. Chem. Soc. 2010, 132, 3298–3300; b) 
Jaganathan, A.; Garzan, A.; Whitehead, D. C.; Staples, R. J.; Borhan, B. Angew. Chem., Int. Ed. 2011, 50, 
2593–2596. 






 and the Yeung group,
42
 we surmised that the nitrogen of the amide 
or the quinuclidine in the catalyst may play a role in the bromonium formation, 
leading to an enantioselective oxidation (models B or C in Scheme 4.21). Furthermore, 
more electron-deficient amide catalysts 4-24b and 4-24c led to higher efficiency and 
selectivity (entries 5 and 6). This indicated the possibility of amide serving as a 
H-bond donor in the interaction with succinimide.  




entry Cu (mol %) 4-24 (mol %) 4-22a yield (%)
b
 4-23a yield (%)
b
 4-22a ee (%)
c
 
1 0 0 7 93 - 
2 10 4-24a (10) 86 <5 48 
3 10 4-24b (10) 91 <5 33 
4 0 4-24a (10) 70 <5 70 
5 0 4-24b (10) 70 <5 60 
6 0 4-24c (10) 89 <5 73 
                                                                                                                                            
40 a) Zhang, W.; Zheng, S.; Liu, N.; Werness, J. B.; Guzei, I. A.; Tang, W. J. Am. Chem. Soc. 2010, 132, 
3664–3665; b) Zhang, W.; Liu, N.; Schienebeck, C. M.; Zhou, X.; Izhar, I. I.; Guzei, I. A.; Tang, W. Chem. Sci. 
2013, 4, 2652–2656. 
41 a) Veitch, G. E.; Jacobsen, E. N. Angew. Chem. Int. Ed. 2010, 49, 7332–7335; b) Brindle, C. S.; Yeung, C. S.; 
Jacobsen, E. N. Chem. Sci. 2013, 4, 2100–2104. 
42 a) Zhou, L.; Tan, C. K.; Jiang, X.; Chen, F.; Yeung, Y.-Y. J. Am. Chem. Soc. 2010, 132, 15474−15476; b) Jiang, 
X.; Tan, C. K.; Zhou, L.; Yeung, Y.-Y. Angew. Chem. Int. Ed. 2012, 51, 7771–7775. For related 
bromofunctionalization, see: c) Zhou, L.; Chen, J.; Tan, C. K.; Yeung, Y.-Y. J. Am. Chem. Soc. 2011, 133, 
9164-9167. d) Zhao, Y.; Jiang, X.; Yeung, Y.-Y. Angew. Chem. Int. Ed. 2013, 52, 8597–8601. 




 Reaction conditions: 4-1a (0.10 mmol), NBS (2.0 equiv), 0 or 10 mol % Cu(OTf)2, 0 or 10 
mol % 4-24 in CHCl3 (1.0 mL) at 24 
o
C for 3 h. 
b
 Isolated yield. 
c
 Determined by HPLC 
(Chiracel Daicel OJ-H). 
Following this promising lead, the optimization of quinine amides showed no 
further improvement in the reaction outcome. We then moved on to screen 
quinine-derived molecules incorporated with related Lewis basic groups or H bond 
donor units (Table 4.2). Unfortunately, the quinine sulfonamide 4-24d led to poor 
enantioselectivity. Moreover, the thiourea catalyst 4-24e that was previously widely 
used as hydrogen bonding catalyst also provided low enantioselectivity (entry 2). To 
our great surprise, catalysts with a urea group improved the enantioselectivity 
significantly, delivering 4-22a in 94% yield with 91% ee (entry 3). Through 
evaluation of the electronics of the aryl group (entries 3-5), the electron-deficient 
3,5-bis(trifluoromethyl)phenyl catalyst 4-22a was still identified to be the optimal 
catalyst (entry 3). In order to verify the hypothesis that urea moiety is serving as the 
H-bond donor, the oxidation of 4-21a using monomethylated urea catalyst 4-24i was 
then carried out. The lower enantioselectivity of 4-22a (77% ee, entry 6) seem to 
support our hypothesis.  
Finally, we also tested the importance of urea moiety as well as the quinuclidine 
nitrogen atom.  When utilizing catalyst 4-24j bearing only a chiral urea moiety or 
quinine (4-24k), the racemic α-hydroxy ketone 4-22a was obtained. This fact showed 
that both the urea moiety and the quinuclidine nitrogen were essential for high 
enantioselectivity control. 

















1 4-24d 83 32 5 4-24h 90 70 
2 4-24e 52 7 6 4-24i 93 77 
3 4-24f 94 91 7 4-24j 92 <2 
4 4-24g 92 84 8
d
 4-24k 82 <2 
a
 Reaction conditions: 4-21a (0.10 mmol), NBS (2.0 equiv), 10 mol % 4-24 in CHCl3 (1.0 mL) 
at 24 
o
C for 3 h. 
b-c
 See Table 1. 
d
 16 h reaction. 
After identifying the suitable catalyst 4-24f, we attempted to optimize the reaction 
by varying different parameters systematically (Table 4.3). Initially, various solvents 
including CHCl3, CH2Cl2, methanol, Et2O, toluene, THF and CH3CN were tested 
(entries 1-6) and we eventually discovered that chloroform was the best choice for the 
reaction of 4-21a (entry 1). We have also investigated other oxidants including 
N-chlorosuccinimide (NCS), N-iodosuccinimide (NIS), N-bromophthalimide (NBP), 
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and 1,3-dibromo-5,5-dimethylhydantoin (DBDMH) (entries 7-10). The corresponding 
α-hydroxy ketone could be obtained in good yield (95%) and excellent 
enantioselectivity (93%) by using NBP as oxidant (entry 10). The loading of NBP had 
some effect on the enantioselectivity as well, with 3 equiv providing optimal 
enantioselectivity (entry 11). Use of higher loading of NBP (more than 3.0 equiv) led 
to no further improvement of enantioselectivity. (entry 12). 




entry oxidant solvent 4-22a yield (%)
b
 4-22a ee (%)
c
 4-23a yield (%)
b
 
1 NBS CHCl3 94 91 <5 
2 NBS CH2Cl2 93 86 <5 
3 NBS CH3CN 81 5 <10 
4 NBS THF <5 - >95 
5 NBS MeOH 83 0 <10 
6 NBS toluene 38 0 62 
7 NCS CHCl3 <5 - <5 
8 NIS CHCl3 <5 - >95 
9 DBDMH CHCl3 93 76 <5 
10 NBP CHCl3 95 93 <5 
11
d
 NBP CHCl3 94 95 <5 
12
e
 NBP CHCl3 92 93 <5 
a
 Reaction conditions: 4-21 (0.1 mmol), oxidant (2.0 equiv), 10 mol % 4-24f in CHCl3 (1.0 
mL) at 24 
o
C unless noted otherwise. 
b-c
 See Table 1. 
d
 3.0 equiv of NBP was used. 
d
 4.0 equiv 
of NBP was used. DBDMH: 1,3-Dibromo-5,5-dimethylhydantoin. 
With the optimized conditions in hand, the substrate scope of this catalytic 
system was then explored. A mixed solvent system (10:1 CHCl3/PhCl) was discovered 




to be beneficial for most substrates. The results were summarized in Table 3. When 
2-chloro-substituted diol was used, the corresponding product 4-22b was obtained in 
90% yield and 81% ee (entry 2, Table 3). Para-substituted diols have also been 
demonstrated as suitable substrates for enantioselective oxidative desymmetrization of 
meso-diols. Both electron-donating and electron-withdrawing substituention are 
accommodated on the aryl unit, the corresponding α-ketoalcohols were obtained in 
good yield with good to excellent enantioselectivity. Moreover, meta-substituted diol 
with electron-withdrawing group led to 4-22h with moderate enantioselectivity. 
However, the trial of meso-diol with alphatic group under the optimal reaction 
conditions gave the desired product 4-22j with both the dropped efficiency and 
selectivity (only 54% ee).  









Reaction conditions: 4-21 (0.1 mmol), NBP (3.0 equiv.), 10 mol % 4-24f in CHCl3/PhCl 
(10:1; 1.0 mL) at 24 
o




Determined by HPLC. 
d
CHCl3 (1.0 mL). 
e
20 mol% 4-24f. 
f
2.0 equiv. NBS instead of NBP was used. 
Although the low efficiency of the oxidation of dialkyl substituted-diols is a 
limitation of this catalytic system, we could utilize this for the resolution of racemic 
syn-diols. The oxidation of racemic diol 4-25 bearing different substituents involving 
both chemo- and enantioselectivities was illustrated in Scheme 4.23. The kinetic 
resolution of racemic 4-25 will be realized if both high chemo- and enantioselectivity 
(i.e., oxidation of benzylic alcohol only) can be achieved for this oxidative reaction, 
delivering hydroxy ketone 4-26 as the sole product.
43
 According to Vedejs,
44
 if the 
reaction shows no chemoselectivity, a divergent reaction on a racemic mixture would 
occur, resulting in both 4-26 and ent-4-27 in high enantioselectivity.
45
 
In the enantioselective oxidation of racemic 4-28 catalyzed by 4-24f (eq 1, 
Scheme 4.23), the α-hydroxy ketone product 4-29 was produced as the sole product, 
showing perfect chemoselectivity. However, there were only moderate levels of 
catalytic efficiency and enantioselectivity for this kinetic resolution process (s = 6). 
                                                 
43 For an example of kinetic resolution of syn-diols through asymmetric silylation of alcohols using this concept, 
see: Zhao, Y.; Mitra, A. W.; Hoveyda, A. H.; Snapper, M. L. Angew. Chem. Int. Ed. 2007, 44, 8471–8474. 
44 E. Vedejs, M. Jure, Angew. Chem. Int. Ed. 2005, 44, 3974–4001. 
45 For recent representative examples, see: (a) Webster, R.; Bӧing, C.;  autens, M. J. Am. Chem. Soc. 2009, 131, 
444–445. (b) Miller, L. C.; Ndungu, M. J.; Sarpong, R. Angew. Chem. Int. Ed. 2009, 48, 2398–2402. (c) Wu, B.; 
Parquette, J. R.; RajanBabu, T. V. Science 2009, 326, 1662. (d) Rodrigo, J.; Zhao, Y.; Hoveyda, A. H.; Snapper, M. 
L. Org. Lett. 2011, 13, 3778–3781. 




Interestingly, when diol 4-30 bearing phenyl and methyl substituents were subjected 
to the same reaction, an example of divergent reaction on racemic mixture was 
presented, producing 4-31 and 4-32 in a ratio of 1.5:1 with good to high 
enantioselectivities (72% and 91% ee, respectively). 




We believe that the diol functionality is vital for the high enantioselectivity of the 
catalytic reaction. As shown in scheme 4.24, the oxidation of α-hydroxy ketone 
(racemic 4-22a) to dione was not enantioselective, and we observed the formation of a 
small amount of dione 4-23 (up to 5%). The side product HBr could be tolerated in 
this catalytic system, without the need for the addition of external base. We speculate 
that the quinuclidine nitrogen of the catalyst is involved in complexation with NBP 
(model C, Scheme 4.21), which transfers the bromonium species to diol substrate and 
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turns over by complexation with another molecule of NBP, instead of being trapped 
by HBr. The proposed mechanism is illustrated in Scheme 4.25. The H-bonding 
interactions among the urea moiety from the catalyst, the phthalimide and diol 
(serving as H-bond donor) are key factors for achieving the high enantioselectivity 
control in this catalytic system through a well-organized transition state 4-33.  
 
Scheme 4.24 Oxidation of α- hydroxy ketone 
4.3 Summary  
In summary, we have demonstrated a highly efficient and stereoselective 
oxidative desymmetrization of 1,2-diols. The quinine-derived urea catalyst together 
with N-Bromophthalimide as the oxidant were found to be highly efficient for this 
reaction, delivering the corresponding α-hydroxy ketones in good yields (up to 94%) 
with excellent enantioselectivities (up to 95% ee). The mild reaction conditions and 
the ease of access to both the starting materials and catalysts make the current 
methodology particularly attractive in organic synthesis. 
4.4 Experimental Section 
4.4.1 General Information 
Thin layer chromatography (TLC) was performed on Merck pre-coated TLC 
plates (Merck 60 F254), and compounds were visualized with a UV light at 254nm. 
Further visualization was achieved by staining with iodine, or potassium 




permanganate solution followed by heating using a heat gun. Flash chromatography 




C NMR spectra were recorded on a Bruker ACF300 (300 MHz) or AMX500 (500 
MHz) spectrometer. Chemical shifts were reported in parts per million (ppm), and the 
residual solvent peak was used as an internal reference: proton (chloroform δ 7.26), 
carbon (chloroform δ 77.0) or tetramethylsilane (TMS δ 0.00) was used as a reference. 
Data are reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = 
triplet, q = quartet, m = multiplet, br = broad), coupling constants (Hz) and integration.  
High resolution mass spectra (HRMS) were obtained on a Finnigan/MAT 95XL-T 
spectrometer. Optical rotations were recorded on an mrc AP81 automatic 
polarimeter.  Enantiomeric excesses (ee) were determined by HPLC analysis on 
Agilent or Shimadzu HPLC units, including the following instruments: pump, 
LC-20AD; detector, SPD-20A; column, Chiralcel OD-H, Chiralpak AD-H, IA or IC.  
All reactions were carried out under nitrogen atmosphere. All solvents were purified 
and dried according to standard methods prior to use. Commercially available 
meso-diols 4-21a and 4-21b were purchased for Aldrich and used as received for the 
reactions without any purification. Other diols were prepared based on the general 
procedure. 
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 or (1R)-1-(1-naphthyl)ethanamine (1.0 equiv.) and the 
corresponding isocyanate (1.1 equiv.) were dissolved in anhydrous CH2Cl2 (0.1 M) 
under nitrogen atmosphere and the reaction was allowed to stir at ambient temperature. 
After the reaction was complete (monitored by TLC), the reaction mixture was 
concentrated under reduced pressure and then purified by silica gel column 
chromatography to afford the product. 
White solid, 56% yield. 
1
H NMR (500 MHz, CDCl3) δ 8.96 (s, 1H), 8.74 – 8.73 (m, 
1H), 7.97 (d, J = 9.5 Hz, 1H), 7.71 (s, 1H), 7.51 – 7.50 (m, 1H), 
7.34 – 7.32 (m, 1H), 6.78 (s, 1H), 6.07 (s, 1H), 5.83 (s, 1H), 
5.64 – 5.57 (m, 1H), 5.10 (dd, J = 17.0, 11.0 Hz, 2H), 4.24 – 
4.08 (m, 2H), 3.98 (s, 3H), 3.71 (s, 6H), 3.63 – 3.56 (m, 1H), 
3.22 – 3.16 (m, 1H), 2.97 – 2.84 (m, 1H), 2.58 – 2.46 (m, 1H), 
1.99 – 1.89 (m, 2H), 1.09 (d, J = 13.5 Hz, 1H), 0.90 – 0.79 (m, 2H). 13C NMR (125 
MHz, CDCl3): δ 160.9, 158.6, 155.1, 147.6, 144.6, 141.6, 141.4, 136.6, 131.4, 130.8, 
                                                 
46 a) Bassas, O.; Huuskonen, J.; Rissanen, K.; Koskinen, A. M. P. Eur. J. Org. Chem. 2009, 1340; b) Kataja, A. O. 
and Koskinen, A. M. P. ARKIVOC 2010, 2, 205. 




128.7, 128.0, 122.3, 117.4, 101.6, 96.9, 94.5, 59.7, 55.9, 55.2, 54.0, 41.7, 36.5, 29.6, 
26.8, 24.8, 24.2. IR (thin film): νmax (cm
-1
) = 3570, 2928, 2850, 1692, 1621, 1604, 1564, 
1511, 1482, 1461, 1420, 1300, 1225, 1154, 1121, 828. HRMS (ESI) m/z Calcd for 
[C29H35N4O4, M+H]
+
: 503.2653; Found: 503.2659. Optical Rotation: [α]23.7D = +2.0 
(0.5, CHCl3). Melting Point: 145.3 – 145.9 
o
C. 
Pale yellow solid, 70% yield. 
1
H NMR (500 MHz, MeOD-d4): δ 
8.71 (d, J = 4.5 Hz, 1H), 8.18 (s, 2H), 8.05 (d, J = 2.5 Hz, 1H), 
7.93 (d, J = 9.5 Hz, 1H), 7.56 – 7.53 (m, 2H), 7.38 (dd, J = 9.5, 
2.5 Hz, 1H), 6.35 (d, J = 11.5 Hz, 1H), 6.14 – 6.07 (m, 1H), 5.16 
– 5.10 (m, 2H), 3.93 (s, 3H), 3.89 – 3.82 (m, 1H), 3.78 – 3.72 (m, 
1H), 3.33 – 3.28 (m, 2H), 2.92 – 2.88 (m, 1H), 2.74 (s, 3H), 2.46 – 2.37 (m, 1H), 2.15 
– 2.00 (m, 2H), 1.70 – 1.69 (m, 1H), 1.64 – 1.59 (m, 2H), 0.78 – 0.73 (m, 1H). 13C 
NMR (125 MHz, MeOD-d4): δ 160.2, 157.4, 147.7, 145.5, 143.7, 143.3, 142.8, 132.8 
(q, 
2
JCF  = 32.8 Hz), 131.4, 130.9, 124.9 (q, 
1
JCF  = 269.63 Hz), 124.0, 122.4, 121.1, 
116.2, 115.3, 103.8, 57.3, 56.4, 56.2, 55.4, 42.7, 40.9, 29.2, 29.0, 28.9, 28.2. IR (thin 
film): νmax (cm
-1
) = 2933, 1650, 1620, 1543, 1510, 1474, 1435, 1369, 1281, 1242, 
1174, 1122, 1031, 948, 851, 704, 683. HRMS (ESI) m/z Calcd for [C30H31F6N4O2, 
M+H]
+
: 593.2346; Found: 593.2370. Optical Rotation: [α]23.5D = +57.2 (0.5, CHCl3). 
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White solid, 93% yield. 
1
H NMR (300 MHz, MeOD-d4): δ 8.15 
(d, J = 8.7 Hz, 1H), 7.97 (s, 2H), 7.87 (d, J = 7.8 Hz, 1H), 7.78 
(d, J = 7.8 Hz, 1H), 7.57 (t, J = 7.8 Hz, 2H), 7.54 – 7.44 (m, 3H), 
5.74 (q, J = 6.9 Hz, 1H), 1.64 (d, J = 6.9 Hz, 3H). 
13
C NMR 
(125 MHz, MeOD-d4): δ 156.4, 143.3, 140.7, 135.5, 133.1 (q, 
2
JCF = 32.8 Hz), 132.2, 130.0, 129.0, 127.3, 126.7, 126.4, 124.8 (q, 
1
JCF  = 270.6 Hz), 
124.1, 123.3, 119.0, 115.5, 46.7, 22.1. IR (thin film): νmax (cm
-1
) = 3348, 3280, 1642, 
1563, 1389, 1281, 1237, 1175, 1124, 893, 790, 776, 703, 683. HRMS (ESI) m/z 
Calcd for [C21H16F6N2NaO, M+Na]
+
: 449.1059; Found: 449.1073. Optical Rotation: 




4.4.3. Synthesis of Substrates 
General Procedure A: Synthesis of meso-diols (4-21c-4-21g, 4-21i) 
 
First Step The benzil
47
 (1.0 equiv.) was dissolved in MeOH (0.2 M) and then sodium 
borohydride (1.5 equiv.) was added slowly at 0 
o
C. The reaction mixture was stirred at 
room temperature. After completion of the reaction (monitored by TLC), the mixture 
was diluted with water, and acidified with acetic acid. Methanol was evaporated under 
                                                 
47 Grimshaw, J.; Ramsey, J. S. J. Chem. Soc., C 1966, 653. 




reduced pressure and the aqueous layer was extracted with ethyl acetate (3 X 50 mL). 
The organic layers were combined and washed with brine. After drying over sodium 
sulphate, solvent was removed under vacuum and the residue was purified by flash 
column chromatography on silica gel.  
Second Step
48
 Diol (1.0 equiv.), 1,2-dimethoxypropane (5.0 equiv.), and 
p-toluene-sulfonic acid (10 mol%) were stirred in anhydrous toluene (0.1 M) under 
nitrogen. After stirring for 30 min at 50 
o
C, the reaction mixture was further stirred at 
40 
o
C for 6 h. A saturated aqueous solution of NaHCO3 was added and the mixture 
was stirred for 30 min. The aqueous layer was extracted with ethyl acetate (3 X 50 
mL). The organic layers were combined and washed with brine. After drying over 
sodium sulphate, solvent was removed under vacuum and the residue was purified by 
flash column chromatography on silica gel to yield the pure meso- and dl-ketals.  
Third Step Meso-ketal (1.0 equiv.) was dissolved in MeOH (0.2 M) and then a 
solution of HCl (4M, 1.5 equiv.) was added. The mixture was stirred at room 
temperature for 24 h. After completion of the reaction (monitored by TLC), the 
reaction was quenched by the addition of saturated aqueous solution of NaHCO3 and 
MeOH was removed under reduced pressure. The mixture was extracted with DCM 
(3 X 30 mL). The organic layers were combined and washed with brine. After drying 
over sodium sulphate, solvent was removed under vacuum. The crude product was 
purified by flash column chromatography on silica gel. 
                                                 
48 Fan, C. A.; Ferber, B.; Kagan, H. B.; Lafon, O.; Lesot, P. Tetrahedron: Asymmetry 2008, 19, 2666 
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General Procedure B: Synthesis of meso-diols (4-21h, 4-21j, 4-24, 4-27) 
 
First Step A known procedure
49
 is followed for the first step. An oven-dried round 
bottom flask with a Teflon-coated stir bar was charged with the diarylalkyne (1.0 





Pr)4 (2.0 equiv., 9.0 mmol, 2.63 ml) was added and then n-BuLi 
(4.0 equiv, 18 mmol, 2.0 M in hexane, 9.0 ml) was added dropwise. The resulting 
solution was warmed up to 50 
o
C and stirred at the same temperature for 2-4 h. The 
reaction was quenched by adding saturated aqueous NH4Cl solution and diluted with 
Et2O (20 ml). The resulting mixture was stirred at room temperature for 5 minutes, 
and then separated. The aqueous solution was extracted with Et2O (3 X 50 ml). The 
organic phases were combined, washed with brine, and dried over sodium sulfate. The 
solvent was evaporated under reduced pressure and residue was purified by flash 
column chromatography on silica gel to give pure cis-olefins.  
Second Step
50
 To a mixture of N-methylmorpholine-N-oxide (1.1 equiv., 4.4 mmol) , 
3 ml water and 30 ml of acetone, cis-olefin (1.0 equiv., 4.0 mmol) was added under 
nitrogen and then osmium tetroxide solution (4 wt. % in H2O) (5 mol%, 0.2 mmol) 
was added at 0 
o
C. The resulting solution was warmed up to room temperature and 
stirred overnight. The reaction was quenched by adding saturated aqueous sodium 
                                                 
49 a) Pu, X.; Qi, X.; Ready, J. M. J. Am. Chem. Soc. 2009, 131, 10364; b) Rakshit, S.; Patureau, F. W.; Glorius, F. 
J. Am. Chem. Soc. 2010, 132, 9585. 
50 VanRheenen, V.; Kelly, R. C.; Cha, D. Y. Tetrahedron Lett. 1976, 23, 1973. 




hydrosulfite solution and acetone was removed under vacuum. The mixture was 
extracted with ethyl acetate (3 X 50 mL). The combined ethyl acetate layers were 
dried, evaporated and the residue was purified by flash column chromatography on 
silica gel to yield the pure meso-diol.  
4.4.4. Representative procedure for the Enantioselective Oxidation of 
1,2-Diols 
 
To a 4 mL vial equipped with a stir bar were added catalyst 4-24f (0.01 mmol, 10 
mol%), meso- diols (0.1 mmol, 1.0 equiv.), N-bromophthalimide (0.3 mmol, 3.0 
equiv.) and anhydrous CHCl3 (1 mL). The reaction mixture was stirred at ambient 
temperature. After completion of the reaction (monitored by TLC), the reaction was 
quenched by pouring the crude reaction mixture into a mixture of dichloromethane (5 
mL) and saturated Na2S2O3 solution (5 mL). The resulting mixture was extracted with 
dichloromethane (3 x 20 mL). The combined organic layer was washed with brine (1 
x 20 mL), dried over anhydrous Na2SO4 and concentrated. Purification by silica gel 
chromatography yielded the desired product that was analyzed for purity by NMR and 
for enantioenrichment by chiral HPLC (Chiralcel OJ-H, OD-H, Chiralpark IA, IC or 
AD-H). 
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H NMR (500 MHz, CDCl3): δ 7.26 – 7.19 (m, 6H), 7.04 (d, J = 7.0 Hz, 
2H), 4.79 (s, 2H), 2.31 (s, 2H). 
13
C NMR (125 MHz, CDCl3): δ 141.3, 





H NMR (500 MHz, CDCl3): δ 7.18 – 7.14 (m, 4H), 7.00 – 6.96 (m, 
4H), 4.83 (s, 2H), 2.24 (s, 2H). 
13
C NMR (125 MHz, CD3OD): δ 164.5, 





H NMR (500 MHz, CDCl3): δ 7.26 (dd, J = 6.5, 2.0 Hz, 4H), 7.11 
(dd, J = 7.0, 2.0 Hz, 4H), 4.83 (s, 2H), 2.33 (s, 2H). 
13
C NMR (125 





H NMR (500 MHz, CDCl3): δ 7.41 (d, J = 8.5 Hz, 4H), 7.05 (d, J = 
9.0 Hz, 4H), 4.82 (s, 2H), 2.07 (s, 2H).  
13





H NMR (500 MHz, CDCl3): δ 7.20 (d, J = 8.5 Hz, 4H), 7.14 (d, J = 
7.5 Hz, 4H), 4.75 (s, 2H), 2.35 (s, 6H), 1.95 (s, 2H). 
13
C NMR (125 
                                                 
51 a) Adam, W.; Saha-Möller, C. R.; Zhao, C. G. J. Org. Chem. 1999, 64, 7492; b) Jakka, K.; Zhao, C. G. Org. 
Lett. 2006, 8, 3013. 









H NMR (500 MHz, CDCl3): δ 7.21 (d, J = 8.0 Hz, 4H), 6.86 (d, J 
= 8.0 Hz, 4H), 4.74 (s, 2H), 3.80 (s, 6H), 2.04 (s, 2H). 
13
C NMR 





H NMR (500 MHz, CDCl3): δ 7.94 (d, J = 8.0 Hz, 2H), 7.84 (d, J = 8.5 
Hz, 2H), 7.76 (d, J = 8.5 Hz, 2H), 7.58 (d, J = 7.0 Hz, 2H), 7.46 – 7.34 (m, 
6H), 5.95 (s, 2H), 2.28 (s, 2H). 
13
C NMR (125 MHz, CDCl3): δ 135.8, 





H NMR (500 MHz, CDCl3): δ 7.37 – 7.29 (m, 10H), 4.55 (s, 4H), 3.85 – 
3.83 (m, 2H), 3.68 – 3.63 (m, 4H), 2.69 (s, 2H). 13C NMR (125 MHz, 





H NMR (500 MHz, CDCl3): δ 7.38 – 7.37 (m, 4H), 7.31 – 7.29 (m, 1H), 
4.87 (d, J = 5.0 Hz, 1H), 3.81 (q, J = 5.0 Hz, 1H), 3.70 (dd, J = 10.0, 5.0 
Hz, 1H), 3.60 (dd, J = 10.5, 4.5 Hz, 1H), 2.66 (s, 2H), 0.91 (s, 9H), 0.06 
                                                 
52 Lack, N. A.; Axerio-Cilies, P.; Tavassoli, P.; Han, F. G.; Chan, K. H.; Feau, C.; LeBlanc, E.; Guns, E. T.; Guy, 
R. K.; Rennie, P. S. J. Med. Chem. 2011, 54, 8563. 
53 (a) Fujioka, H.; Nagatomi, Y.; Kitagawa, H.; Kita, Y. J. Am. Chem. Soc. 1997, 119, 12016. (b) Ayhan, P.; 
Simsek, I.; Cifci, B.; Demir, A. S. Org. Biomol. Chem. 2011, 9, 2602. 
54 Wu, W.; Liu, Q.; Shen, Y.; Li, R.; Wu, L. Tetrahedron Lett. 2007, 48, 1653. 





C NMR (125 MHz, CDCl3): δ 140.6, 128.4, 127.7, 126.2, 75.9, 74.0, 64.0, 





H NMR (500 MHz, CDCl3): δ 7.37 (d, J = 4.0 Hz, 4H), 7.33 – 7.29 (m, 
1H), 4.69 (d, J = 4.0 Hz, 1H), 4.05 – 4.00 (m, 1H), 2.01 (s, 1H), 1.10 (d, 
J = 7.0 Hz, 3H). 
13
C NMR (125 MHz, CDCl3): δ 140.3, 128.2, 127.7, 126.6, 77.4, 
71.3, 17.1. 




White solid, 94% yield. 
1
H NMR (500 MHz, CDCl3): δ 7.92 (d, J = 
8.5 Hz, 2H), 7.54 – 7.51 (m, 1H), 7.41 – 7.38 (m, 2H), 7.35 – 7.26 (m, 
5H), 5.96 (s, 1H), 4.54 (s, 1H). 
13
C NMR (125 MHz, CDCl3): δ 198.9, 
139.0, 133.9, 133.5, 129.1, 129.1, 128.7, 128.6, 127.8, 76.2. 
Optical Rotation: [α]25D = +96.0 (0.28, MeOH). The absolute configuration of 4-22a 
was assigned by comparing its specific rotation with that of the same compound 
reported in the literature.
55  
95% ee. (HPLC condition: Chiralcel OJ-H column, 
n-hexane/i-PrOH = 80:20, flow rate = 1.0 ml/min, wavelength = 254nm, tR = 11.98 
min for minor isomer, tR = 14.18 min for major isomer). 
  
                                                 
55
 Enders, D.; Kallfass, U. Angew. Chem. Int. Ed. 2002, 41, 1743. 









 White solid, 90% yield. 
1
H NMR (300 MHz, CDCl3): δ 7.36 – 7.31 
(m, 3H), 7.29 – 7.19 (m, 5H), 6.37 (s, 1H), 4.30 (s, 1H). 13C NMR 
(75 MHz, CDCl3): δ 200.9, 135.4, 134.7, 133.8, 132.3, 131.5, 130.5, 
130.0, 129.9, 129.3, 129.0, 127.3, 126.5, 75.4. 
Optical Rotation: [α]26D = +80.4 (0.7, CHCl3). 81% ee. (HPLC condition: Chiralpak 
AD-H column, n-hexane/i-PrOH = 90:10, flow rate = 0.8 ml/min, wavelength = 254 









 Yellow solid, 92% yield. 
1
H NMR (500 MHz, CHCl3): δ 7.91– 7.90 
(m, 1H), 7.90 – 7.72 (m, 1H), 7.54 – 7.50 (m, 1H), 7.39 – 7.19 (m, 5H), 
5.88(s, 1H), 4.31 (s, 1H).
 13
C NMR (125 MHz, CDCl3): δ 197.3, 140.3, 
                                                 
56 O'Toole, S. E.; Connon, S. J. Org. Biomol. Chem. 2009, 7, 3584. 
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135.2, 135.1, 134.8, 134.1, 130.5, 130.1, 129.0, 127.8, 127.1, 125.9, 75.7.  
Optical Rotation: [α]25D = -8.3 (0.6, CHCl3). 66% ee. (HPLC condition: Chiralpark 
AD-H column, n-hexane/i-PrOH = 90:10, flow rate = 0.8 ml/min, wavelength = 254 







 Pale yellow solid, 83% yield. 
1
H NMR (300 MHz, CDCl3): δ 7.88 
– 7.83 (m, 2H), 7.25 – 7.18 (m, 2H), 7.03 – 6.91 (m, 4H), 5.83 (s, 
1H), 4.13 (s, 1H). 
13
C NMR (75 MHz, CDCl3): δ 197.2, 167.8, 
164.4, 161.1, 134.8, 131.9, 131.8, 129.6, 129.5, 116.3, 116.2, 116.1, 115.9, 75.3.  
Optical Rotation: [α]26D = +98.3 (0.6, CHCl3). 84% ee. (HPLC condition: Chiralpark 
IA column, n-hexane/i-PrOH = 90:10, flow rate = 0.5 ml/min, wavelength = 254 nm, 
tR = 26.10 min for minor isomer, tR = 28.20 min for major isomer). 
 
 










Pale yellow solid, 90% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 7.85 
(d, J = 8.5 Hz, 2H), 7.41 (d, J = 8.0 Hz, 2H), 7.31 (dd, J = 25.5, 8.0 
Hz, 4H), 5.91 (s, 1H), 4.49 (s, 1H). 
13
C NMR (125 MHz, CDCl3): δ 
197.4, 140.7, 137.1, 134.7, 131.5, 130.4, 129.4, 129.2, 129.0, 75.4. 
Optical Rotation: [α]25D = +34.3 (0.28, MeOH). 74% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 90:10, flow rate = 0.5 ml/min, wavelength = 254 








Pale yellow solid, 91% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 7.74 
(d, J = 8.0 Hz, 2H), 7.55 (d, J = 9.0 Hz, 2H), 7.45 (d, J = 8.5 Hz, 
2H), 7.18 (d, J = 9.0 Hz, 2H), 5.86 (s, 1H), 4.50 (s, 1H). 
13
C NMR 
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(125 MHz, CDCl3): δ 197.6, 137.6, 132.4, 132.2, 131.9, 130.4, 129.5, 129.3, 122.9, 
75.5. 
Optical Rotation: [α]25D = +14.2 (0.50, CHCl3). 86% ee. (HPLC condition: 
Chiralpark IA column, n-hexane/i-PrOH = 90:10, flow rate = 0.5 ml/min, wavelength 









Pale yellow solid, 94% yield. 
1
H NMR (300 MHz, CDCl3 ): δ 
7.82 (d, J = 8.1 Hz, 2H), 7.23 – 7.10 (m, 6H), 5.90 (s, 1H), 4.03 (s, 
1H), 2.35 (s, 3H), 2.28 (s, 3H). 
13
C NMR (75 MHz, CDCl3): δ 
198.5, 144.9, 138.3, 136.4, 130.9, 129.8, 129.3, 129.3, 127.6, 75.8, 21.7, 21.1. 
Optical Rotation: [α]25D = +81.0 (0.3, CHCl3). 91% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 95:5, flow rate = 0.6 ml/min, wavelength = 220 
nm, tR = 18.18 min for major isomer, tR = 23.84 min for minor isomer).  











Yellow solid, 85% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 7.90 (d, 
J = 9.0 Hz, 2H), 7.25 (d, J = 8.0 Hz, 2H), 6.86 (dd, J = 8.5, 7.0 
Hz, 4H), 5.85 (s, 1H), 4.46 (s, 1H), 3.81 (s, 3H), 3.75 (s, 3H). 
13
C 
NMR (125 MHz, CDCl3): δ 197.3, 164.0, 159.6, 131.8, 131.5, 129.0, 126.3, 114.5, 
113.9, 75.2, 55.4, 55.2. 
Optical Rotation: [α]25D = +27.3 (0.4, CHCl3). 82% ee. (HPLC condition: Chiralcel 
OD-H column, n-hexane/i-PrOH = 90:10, flow rate = 0.6 ml/min, wavelength = 254 







                                                 
57 Iwamoto, K.; Kimura, H.; Oike, M.; Sato, M. Org. Biomol. Chem. 2008, 6, 912. 
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Pale yellow solid, 65% yield. 
1
H NMR (300 MHz, CDCl3 ): δ 8.77 (d, 
J = 8.4 Hz, 1H), 8.37 (d, J = 8.1 Hz, 1H), 7.90 – 7.74 (m, 5H), 7.68 – 
7.42 (m, 5H), 7.37 – 7.25 (m, 2H), 6.77 (s, 1H), 4.80 (s, 1H). 13C 
NMR (75 MHz, CDCl3): δ 203.0, 134.8, 134.2, 133.8, 133.7, 131.7, 
131.3, 130.5, 129.3, 128.9, 128.7, 128.5, 128.4, 126.9, 126.8, 126.6, 125.9, 125.4, 
125.3, 124.0, 123.4, 75.3. 
Optical Rotation: [α]26D = +75.4 (0.5, CHCl3). 83% ee. (HPLC condition: Chiralpark 
IC column, n-hexane/i-PrOH = 90:10, flow rate = 1.0 ml/min, wavelength = 254 nm, 




Pale yellow oil, 50% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 7.40 – 7.28 
(m, 10H), 4.60 – 4.47 (m, 5H), 4.31 (dd, J = 37.5, 18 Hz, 2H), 3.91 (dd, 
J = 10.0, 3.5 Hz, 1H), 3.75 (dd, J = 10.0, 3.0 Hz, 1H), 3.54 (s, 1H). 
13
C 
NMR (125 MHz, CDCl3): δ 207.7, 137.4, 136.8, 128.5, 128.4, 128.1, 127.9, 127.9, 
127.8, 75.0, 73.6, 73.5, 73.1, 70.8. 




Optical Rotation: [α]24D = +5.6 (0.43, CHCl3). 54% ee. (HPLC condition: Chiralpark 
IC column, n-hexane/i-PrOH = 80:20, flow rate = 1.0 ml/min, wavelength = 220 nm, 






White solid, 79% yield. Optical Rotation: [α]24D = +3.1 (0.42, CHCl3). 
13% ee. (HPLC condition: Chiralpark IC column, n-hexane/i-PrOH = 
90:10, flow rate = 1.0 ml/min, wavelength = 220 nm, tR = 5.47 min for 






Pale yellow solid, 16% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 7.92 – 
7.88 (m, 2H), 7.61 – 7.58 (m, 1H), 7.50 – 7.46 (m, 2H), 5.12 – 5.09 (m, 
                                                 
58 Krishnaveni, N. S.; Surendra, K.; Rao, K. R. Adv. Synth. Catal. 2004, 346, 346. 
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1H), 3.97 – 3.88 (m, 2H), 0.76 (s, 9H), -0.09 (s, 3H), -0.15 (s, 3H). 13C NMR (125 
MHz, CDCl3): δ 200.1, 134.5, 133.7, 128.6, 128.5, 74.5, 66.1, 25.6, 18.1, -5.7, -5.8. 
Optical Rotation: [α]23D = +52.2 (0.3, CHCl3). 70% ee. (HPLC condition: Chiralpark 
IC column, n-hexane/i-PrOH = 90:10, flow rate = 1.0 ml/min, wavelength = 254 nm, 










 White solid, 89% yield. 
1
H NMR (500 MHz, CDCl3 ): δ 7.91 (d, J = 
7.5 Hz, 2H), 7.60 (t, J = 7.5 Hz, 1H), 7.49 (t, J = 8.0 Hz, 2H), 7.39 – 
7.31 (m, 5H), 5.15 (q, J = 7.0 Hz, 1H), 5.09 (s, 1H), 4.33 (s, 1H), 3.82 
(s, 1H), 2.06 (s, 3H), 1.44 (d, J = 7.0 Hz, 3H). 
13
C NMR (125 MHz, 
CDCl3): δ 207.0, 202.3, 137.9, 133.9, 133.3, 128.9, 128.8, 128.6, 128.6, 127.3, 80.1, 
69.2, 25.2, 22.2. 
72% ee, 91% ee. (HPLC condition: Chiralcel OD-H column, n-hexane/i-PrOH = 
90:10, flow rate = 0.6 ml/min, wavelength = 220 nm, tR1 = 11.29 min for major isomer, 
tR1 = 12.82 min for minor isomer, tR2 = 15.23 min for major isomer, tR2 = 17.60 min for 
minor isomer).  






4.4.7. Enantioselective Oxidation of (1R,2S)-1,2-diphenylethane-1,2-diol 
with Quinine-derived Urea Organocatalyst on a 1 mmol scale 
 
94% ee. (HPLC condition: Chiralcel OJ-H column, n-hexane/i-PrOH = 80:20, flow 
rate = 1.0 ml/min, wavelength = 254nm, tR = 12.71 min for minor isomer, tR = 15.33 
min for major isomer). 
  
  
 
